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ABSTRACT 
Salts (i.e. NaCl) and hydrocarbons are common soil pollutants found at 
contaminated sites generated by the oil and gas industry. In this study, laboratory 
experiments were conducted to identify the properties influencing interactions of crude 
oil, dissolved salt, and soil particles and to evaluate the effectiveness of ultrasonic soil 
remediation. A sample of soil (sand, clay and muskeg) equivalent to 30 ml volume was 
spiked with 1 to 2% of crude oil (volume: volume). Two salinity categories (no salt and 
0.14 M salt added) were selected and the soil slurry was irradiated for up to 40 minutes 
using a 20 kHz ultrasonic probe. The change in crude oil concentration was measured in 
treated samples by gas chromatograph and indicated that the application of ultrasound 
generally increased the removal of hydrocarbons by up to approximately 50% in sand. In 
contrast, the presence of salt significantly reduced the removal of hydrocarbons. 
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Chapter 1 Introduction 
The growing energy demand throughout the world has generated an increased need for 
natural resources, driving the extraction industry further into remote and potentially 
environmentally sensitive areas. In particular, the oil extraction and production industry 
has expanded across Canada and has become one of the leading contributors of polluting 
chemicals released to the environment resulting in the contamination of soil and 
groundwater systems (CCME, 2000). Two of the most common soil contaminants found 
at oil and gas extraction sites are petroleum hydrocarbons (PHCs) and salts generated 
from spilled crude, condensate, or produced water brine (Carty et al. 1997). 
Contaminated soil may lead to a number of adverse impacts on the environment, human 
health, and local economy. Thus, its effective remediation has received increased 
attention from government, industry, and communities. 
1.1 Petroleum hydrocarbon contamination 
Petroleum hydrocarbons are a complex mix of thousands of organic compounds 
chemically composed of aliphatic (alkanes, cycloalkanes) and aromatic hydrocarbons 
(Bartha 1986, CCME 2000, Amatya et al. 2002). Crude oil is generally made up of 
hydrocarbon compounds containing hydrogen and carbon atoms and varying amounts of 
other petroleum compounds containing trace amounts of sulfur, nitrogen, oxygen, and 
metals (Abdel-Aal et al. 2003). 
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Worldwide, 2 billion metric tons of petroleum is produced annually and 
approximately 8.8 million metric tons of oil is spilled on land each year (Bartha 1986). 
Spills of PHCs are the most common form of reported incidents and result from leaking 
tanks, pipelines and transfer lines during transportation and storage (EPA 2000). After 
infiltration into the soil, hydrocarbons move by gravitational or capillary forces and can 
be transported with soil water (Brady and Weil 1996, Khaitan et al. 2006). At very low 
concentrations, hydrocarbons are soluble in water; however, most spills occur in 
quantities that far exceed the PHC solubility capacity of soil water (Atlas 1981). 
Generally, the migration of hydrocarbons in soil is dependent on soil texture, moisture 
content, and the chemical properties of the PHC (Atlas 1981, Brady and Weil 1996, Carty 
et al. 1997). 
Specifically, spills of crude oil may cause persistent damage to the environment 
and impede important soil functions (Chaineau et al. 2005). For example, effective 
porosity of soil can be reduced by hydrocarbon residues on particle surfaces, 
consequently limiting air and water movement to plant roots (Carty et al. 1997, Arocena 
and Rutherford 2005). When concentrations of hydrocarbons are high (i.e., > 4-5% by 
weight), infiltration of water and soil water retention are reduced (Carty et al. 1997). 
PHC contamination at oilfield sites is often sufficient to impede the growth of plants, 
prevent seed germination, and upset the balance of soil communities (Carty et al. 1997, 
Cook et al. 2002). 
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1.2 Salt contamination 
The handling of large quantities of drilling waste is a routine activity at oil production 
sites. The primary waste by volume from oil extraction is produced water brine with an 
estimated waste volume of 20-30 billion barrels per year (bbl/year) worldwide (Kharaka 
et al. 2005). Produced water brought to the surface during petroleum extraction may 
contain large quantities of dissolved solids (from 3,000 to 380,000 mg/L) and other 
pollutants such as toxic metals, organic compounds, and naturally occurring radioactive 
materials (EPA 2000, Kharaka et al. 2005). The most abundant salt in produced water is 
sodium chloride, which can reach concentrations up to 150,000 mg/L of sodium (30-
35% of total ions) and 230,000 mg/L of chloride (50% of total ions) (Knox and Sabatini 
2000, Alberta Environment 2001, Suleimanov 2004). 
The salts and suspended solids found in produced water are generated from the 
weathering of rocks, minerals, and geological salt deposits (Knox and Sabatini 2000). 
Upon extraction, produced water and other impurities are removed from crude oil and 
may account for up to 98% of the extracted volume during the life of the well (EPA 
2000). Produced water spills occur from improper handling, equipment failure, pipeline 
breaks, and tank corrosion (Carty et al. 1997, Knox and Sabatini 2000, Suleimanov 
2004). 
Two of the primary impacts of brine spills on soil are the degradation of the 
physical structure of soil and the alteration of the normal osmotic gradient to plant roots 
and soil organisms (Knox and Sabatini 2000). Soil structure degradation in brine 
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contaminated soils is a result of dispersion due to the effect of high concentrations of 
sodium on clays (Ashworth et al. 1999). The positive charge of sodium adsorbed to the 
clay is not strong enough to balance the negative charge of the clay particles and thus 
causing the clay particles to repel each other (Carty et al. 1997). The dispersion forces 
move clay particles into macropores, reducing porosity causing the clay to swell 
(Korphage et al. 2003). Thus, soil becomes impervious to water and the dispersed soil 
erodes easily with surface runoff (Sublette et al. 2005). 
Following a brine spill, the disruption of the normal osmotic gradient controlling 
water flow and nutrient uptake by organisms and plant roots may also cause damage to 
plants and soil organisms. Dehydration and nutrient deficiency is observed in plants due 
to the change in nutrient and water availability (Knox and Sabatini 2000, Franzen 2003). 
Additionally, the toxicity of brine can adversely affect microbe growth rate and 
population (Sublette et al. 2005). The severity of salt impacts is dependent on soil 
texture, clay composition, and organic matter content (Ashworth et al. 1999, Arocena and 
Rutherford 2005). 
1.3 Research problem 
Soil contamination by PHCs and salts is a major concern facing the oil and gas 
industry. Upon completion of extraction activities and removal of facilities, many oil and 
gas lease sites may be left with varying degrees of soil contamination. Such 
contaminated sites pose a risk to the environment and to human health and remain a 
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source of long term liability to the oil and gas industry both legally and financially 
(Kirchmann and Ewnetu 1998). 
The remediation of mixed soil contaminants of PHCs and salts is a particularly 
difficult challenge due to the complex interactions between contaminants and soil. The 
adsorption of pollutants to soil is a problem for most remedial techniques and the residual 
concentrations of adsorbed pollutants may persist for long periods of time. The problems 
associated with adsorption are dependent on two main factors: the properties of the 
contaminants and the properties of the soil. Crude oil spilled at oil and gas drilling sites 
contains compounds that are resistant to degradation and adsorb strongly to soils 
containing high fractions of clay and organic matter. The adsorption and persistence of 
these contaminants remains a challenge for the development of successful remediation 
techniques (Talley 2006). The addition of high salt concentrations from brine spills may 
amplify the challenges of soil remediation at these sites by reducing the solubility and 
bioavailability of organic compounds for remediation (Schwarzenbach 2003). The 
efficiency of common remediation techniques such as bioremediation using hydrocarbon 
degrading bacteria or plants are significantly hindered from the presence of high salt 
concentrations in soil (Cook et al 2002). Soil structure degradation from salt impacts 
further reduces the viability of bioremediation by limiting the infiltration of water and 
oxygen (Carty et al. 1997). 
Remediation techniques for hydrocarbon contamination have been researched 
extensively; however, further research is needed to understand the issues of combined 
salt and hydrocarbon contamination and requires a detailed review of the complex 
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interactions between soil and pollutants. Based on current literature, ultrasound used 
for desorption and treatment of organic pollutants is a method that appears to be very 
promising. It has the potential to overcome the attraction between pollutants and the 
adsorbent and facilitate transportation of pollutants away from the adsorbing surface 
(Brietbach and Bathen 2001). The process utilizes physical forces generated by an 
acoustic wave and does not rely on the addition of chemical agents. Several researchers 
have demonstrated the degradation of persistent organic pollutants in soil using 
ultrasound. Experiments by Zhang and Hua (2000) and Cheung et al. (1991) showed 
ultrasound to be a viable technique for degrading pollutants or mixtures of pollutants in 
complex systems. When combined with soil flushing techniques, Kim and Wang (2003) 
observed that the rate of contaminant extraction increased under ultrasonic treatments. 
Feng and Aldrich (2000) used a similar ultrasonic soil flushing treatment for diesel 
contaminated soil and described the treatment as an effective method of contaminant 
removal. Additionally, salt impacts are shown to be effectively treated by flushing soil 
with water to remove soluble salts adsorbed to soil and would benefit from the improved 
agitation and transportation associated with ultrasound (Franzen 2003, Chung and Kamon 
2005). The combined effects of pollutant desorption, destruction, and removal seen in 
ultrasonic remediation research may be applied to problems of mixed salt and 
hydrocarbon contamination while providing information about the interaction between 
contaminants and soil. 
Page 6 
1.4 Thesis research 
The uncertainty surrounding the processes of contaminant adsorption and interaction of 
mixed contaminants is a significant issue facing environmental managers for the 
remediation of oilfield sites. This research will provide a greater understanding of this 
problem while utilizing new and innovative ultrasonic technology. 
There are two main objectives for this research. The first objective is to 
investigate the interactions of mixed salt and hydrocarbon contamination on the soil 
surface. This will be done by examining the effect of salinity and soil texture on 
desorption and removal of crude oil utilizing ultrasonic treatment methods. The variables 
of soil texture and salinity are expected to significantly affect oil removal using ultrasonic 
methods. The adsorption and partitioning properties of each soil under the various 
conditions will be assessed to provide valuable information about these interactions. 
The second objective is to examine the effectiveness of ultrasonic treatments as a 
remediation tool for the reduction of PHC concentrations in soil. The effectiveness of oil 
reduction will be measured by the change in total petroleum hydrocarbons (TPH) 
concentrations in soil from ultrasonic treatment. 
This thesis is structured as follows. Chapter 2 provides a detailed background 
into the research subject and a summary of relevant literature. Chapter 3 describes the 
materials and methods used for the research experiment. Chapter 4 presents the results of 
the research. Chapter 5 provides a discussion of the results relating to adsorption, soil 
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texture, salinity, and remediation methods. Chapter 6 gives a summary of the research 
and some considerations for future research. 
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Chapter 2 Literature Review 
This chapter provides a detailed background of the environmental issues of the oil and 
gas industry in Canada. Attention is given to the effects of contamination and the 
interaction of contaminants with soil. The background of soil contamination issues 
provides a context for the selection and use of remediation techniques available for 
addressing these issues and provides foresight into the development of innovative 
technology for improving remediation success. 
2.1 Soil properties and adsorption 
Soils at oilfields in western Canada typically consist of dense, poorly drained clay 
(Arocena and Rutherford 2005). In addition, water and organics accumulate in 
depressions known as peat bogs or muskeg and form a deposit of organic soil common in 
these areas. The soil properties of clay and muskeg are important for understanding the 
fate of hydrocarbon and salt spills at oilfield sites by controlling the degree of impacts, 
adsorption, and migration of pollutants in the environment. 
Soil can be classified by its organic or mineral composition (Brady and Weil 
1996). The inorganic component of soil is comprised of primary minerals that resemble 
the parent material (eg., sand and silt), and secondary minerals formed by weathering and 
soil formation processes (eg., clay) (Brady and Weil 1996, Carty et al. 1997, Knox and 
Sabatini 2000). Organic soils are generated not from geological materials but from 
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decomposing plant materials. These are sometimes called muskeg soils or peat (Carty et 
al. 1997). 
The soil texture classification separates mineral soil by grain size into sand, silt, 
and clay. Sand occupies the range of grain size between 2 mm and 0.05 mm and is 
composed of quartz, mica, and feldspar (Carty et al. 1997). Silt ranges in grain size from 
0.05 mm to 0.002 mm and clay particles are smaller than 0.002 mm (Brady and Weil 
1996). The fine clay fraction of soil is small enough to exhibit colloidal properties. 
Colloids are defined as very fine solid particles of low solubility that are resistant to 
degradation (Sposito 1989). These particles are important to soil chemistry due to their 
large surface area to volume ratio and their large capacity to adsorb water and nutrients. 
Surface area is a primary factor controlling soil processes and function. As 
surface area increases, the propensity for aggregation, adsorption capacity, biological 
activity, and chemical exchange between particle surfaces increases (Brady and Weil 
1996). Soils containing higher fractions of clay are more chemically active than coarser 
textured soils (i.e., sand) and have a cation exchange capacity (CEC) of two to nine times 
higher (per unit mass) than that of soils of other classes (Brady and Weil 1996). Organic 
matter is even more chemically active than clay and has a CEC of two to thirty times as 
much as clay minerals (Brady and Weil 1996). 
2.1.1 Clay soils 
Clay in temperate regions is most commonly distinguished by the silicate clay group 
known as phyllo silicates and is distinguished by alternating crystalline sheets of silicon 
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oxide tetrahedrons and aluminum or magnesium hydroxide octahedrons (Tan 1993). The 
arrangement of these sheets provides basis for further classification of the silicate clay as 
1:1 or 2:1 configurations of silicon oxide to aluminum/magnesium hydroxide sheets 
(Sposito 1989). The layers of 1:1 clays are held together by tightly bound oxygen atoms 
and the intermicellar space between units is held together by hydrogen bonds (Tan 1993, 
Brady and Weil 1996). These clays, represented by kaolinite and halloysite have 
characteristically lower particle surface charge, CEC, plasticity, and adsorption capacity 
(Tan 1993). The 2:1 layer clays are split into 2 classes: expanding and non-expanding 
due to the bonding between layers (Tan 1993). Like 1:1 layer clays, the non-expanding 
2:1 clay layers are held together tightly. Some examples of expanding 2:1 layer clays are 
montmorillonite (smectite) and vermiculite (Brady and Weil 1996). Montmorillonite 
clays are the most abundant in the 2:1 clay group and are able to adsorb moisture and 
swell due to the weak bonding between units (Brady and Weil 1996). The relative 
surface area of montmorillonite versus kaolinite is much higher and, as a result, 
montmorillonite has a higher CEC, plasticity, and adsorption capacity (Tan 1993). 
Clay particles often display a net negative surface charge due to the substitution 
of cations within the crystal clay structure (Brady and Weil 1996). This is called 
isomorphic substitution and occurs when an ion is replaced by another ion of similar size 
but different valency (Tan 1993). For example, the substitution of aluminum ions (Al3+) 
in a clay structure by magnesium (Mg2+) is common and the loss of the positive charge is 
represented by a net negative charge on the particle surface (Brady and Weil 1996). 
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Clay particles with a negative surface charge attract cations in solution that 
accumulate at the surface of the particle (Tan 1993). The exchange sites are taken up by 
a monolayer of cations followed by a swarm of cations that decreases in density with 
distance from the particle surface (Tan 1993). Several chemical and mathematical 
models such as the diffuse double layer model have been developed to explain cation 
responses and adsorption to negative particle surfaces (Yong et al. 1992). 
2.1.2 Organic matter 
The non-living organic fraction of soil is made up of various stages of decomposing 
biological materials or biomass. This fraction can be split into two groups: materials that 
still resemble the original source, and fully decomposed materials (Tan 1993). The latter 
group is of greater importance to the discussion of soil chemistry. The degradation of 
organic matter generates byproducts such as carbohydrates, amino acids, proteins, lipids, 
nucleic acids, and lignins (Tan 1993). These decomposition products may be used by 
plants to stimulate growth or enter the metabolic pathways of soil organisms (Brady and 
Weil 1996). The end products of degradation are complex polymeric compounds called 
humus (Tan 1993). Humus accounts for 60-80% of organic matter in soil (Brady and 
Weil 1996). Humus can be separated into three chemical classes by first extracting the 
humus material with a NaOH solution. The extractable component of the humus material 
that remains insoluble is called humin. The pH of the soluble component is then brought 
down to a pH of 1 using HC1 and a precipitate forms called humic acid (Sposito 1989). 
The remaining soluble organic material left in solution is called fulvic acid (Sposito 
1989). These humic substances are considered colloids like clay particles because of 
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their small size, insolubility in water, and high relative surface area. Humus and clay 
colloids together are responsible for much of the chemical and biological activity in soil 
including the adsorption of contaminants (Tan 1993). 
2.1.3 Partitioning and adsorption 
Determining the fate of contaminants in the subsurface requires an understanding of 
contaminant distribution among soil and soil water. Residual oil contamination at oilfield 
sites typically consists of nonionic, nonvolatile, and largely nonpolar hydrocarbons 
(Salloum 1999). The fate of these hydrocarbons in soil can be described as either a 
partitioning process (entropy driven) or adsorption process (enthalpy driven) 
(Schwarzenbach 2003). That is, the distribution of the organic compounds into aqueous 
solution or to soil organic matter at equilibrium and the adsorption of organic compounds 
to soil mineral surfaces. The factors most important to the fate of organic compounds are 
the properties of the contaminant (polarity, charge, and reactivity), the properties of the 
soil (organic content, surface charge, and functional groups), and the properties of water 
(salinity or ionic strength). 
Water is a unique polar solvent and has characteristically small molecules that 
bind to each other with relatively strong hydrogen bonds (Schwarzenbach 2003). The 
large nonpolar hydrocarbon molecules disrupt the bonding among water molecules and 
are naturally hydrophobic. At equilibrium, limited amounts of water and hydrocarbons 
dissolve into each other at the interface of the two liquids. The interaction between soil 
water and organic pollutants has a large influence on the fate of contaminants in soil; 
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therefore, the water content of the soil (soil moisture) is an important factor determining 
the distribution of organic contaminants. 
In saturated conditions, researchers have shown that the uptake of organic 
compounds is linearly related to the natural organic matter content of the soil and is 
described as the partitioning of the compound between the aqueous phase and the organic 
phase of the sorbent (Karickhoff 1979, Chiou 1979, Schwarzenbach 2003). This 
distribution is expressed empirically using the following equation: 
*<=%- [2-1] 
where Kd is the distribution coefficient, Cs is the concentration of a chemical on the solid 
phase, and Cc is the concentration of the chemical left in solution at equilibrium 
(Schwarzenbach 2003). The distribution coefficient Kd is a ratio of concentrations of 
organic compounds in the sorbed phase and in aqueous phase. In practice, concentrations 
Cs and Cc are often expressed in units mg/kg and mg/L and, as such, Kd can be expressed 
in corresponding units (L/kg or ml/g) (Schwarzenbach 2003). Essentially, the 
distribution coefficient is a ratio of the distribution of a chemical between two phases. 
Assuming that the distribution of organic compounds is proportional to the fraction of 
organic matter in the soil, the distribution coefficient (Kd) can be normalized for organic 
carbon content. The normalized distribution coefficient due to organic carbon content 
(Koc) is useful for comparing geological samples and is calculated by the following 
equation: 
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where foc is the fraction of organic carbon within the sorbent soil sample (Karickhoff 
1979). 
It has been observed that the presence of dissolved solids within aqueous solution 
decreases the solubility of organic compounds and therefore interferes with the 
distribution of those compounds between the aqueous phase and the solid phase 
(Scharzenbach 2003). To compensate for the effect of salinity, the normalized 
partitioning coefficient can be described with the following equation: 
KocMt={Koc)(\VK^) [2-4] 
where Ks is the salting constant expressed as L/mol for that compound and [salt] is the 
concentration of salt in the solution expressed as mol/L (Scharzenbach 2003). 
It is understood that the fraction of organic carbon present in soil is important to 
organic compound uptake, however, it is also recognized that other factors exist that are 
significant to contaminant adsorption. Most soils contain only a small fraction of organic 
matter (2-3%) compared to the mineral content of the soil (Mingelgrin 1983). In 
saturated conditions, the polar surfaces of mineral clays create relatively strong dipole 
interactions with water molecules. Organic compounds must compete with water for 
binding sites to mineral clays. In contrast, when soil is dry, organic compounds of all 
polarities are attracted to inorganic surfaces (Chiou 1979, Schwarzenbach 2003). 
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Adsorption in these conditions occurs by physical forces of attraction generated by 
dipolar electron distributions of molecules called Van der Waal forces. Ionic forms of 
organic compounds may also be attracted to clay surfaces due to electrostatic forces of 
attraction based on their electrical charge (Hasset and Banwart 1989, Schwarzenbach 
2003). Specific organic compounds containing suitable chemical functional groups may 
adsorb by chemical adsorption (i.e., covalent bonding) at the strongest available 
adsorption sites on the surface. These sites are characterized by reactive functional 
groups frequently located at the edges of the clay lattice or to organic matter (Yong et al. 
1992, Lowell etal. 2004). 
The process of organic pollutant uptake by soil in the natural environment is 
complicated and depends on a large number of factors and binding processes. Assuming 
that since oil contaminants found at oilfield sites are largely nonpolar and nonionic, the 
amount of electrostatic adsorption would likely be small. Similarly, it is assumed that the 
number of compounds in crude oil capable of chemically binding to suitable reactive sites 
on soil particles would also be small (Senesi 1993). Ignoring the contributions of 
adsorption by electrostatic and chemical forces, the distribution coefficient (L/kg) of 
organic compounds may be rewritten as: 
„ (cJ(/J(frJ+(OkM>/>J 
Kd - I>->J 
where Coc is the concentration of sorbate associated to organic matter (mol/kg); foc is the 
fraction of organic carbon in the soil (kg/kg); Cmin is the concentration of sorbate 
Page 16 
associated with the mineral surface (mol-kg'Vm2); Asurf is the specific surface area of the 
particle surface (m2); and Cc is the concentration of uncharged chemical contaminant in 
solution (mol/L) (Scharzenbach 2003). Since the proportion of partitioning to organic 
carbon is related to soil moisture, the partitioning term is multiplied by the soil moisture 
content (3>w) or fraction of pore space occupied by water (%) (Scharzenbach 2003). The 
proportion of adsorption to mineral surfaces is related to the dryness of the soil and thus 
the adsorption term is multiplied by the fraction of air in micropores (<&a) (Scharzenbach 
2003). 
2.1.4 Models for adsorption 
There are several models that have been developed to describe the process of adsorption 
by relating the curve of adsorbent concentrations over a range of pressure at a fixed 
temperature (Tan 1993). This is called an adsorption isotherm and is described by the 
Langmuir equation and the Brunauer, Emmet, and Teller (BET) equation (Tan 1993). 
These models were developed to relate the concentration of adsorbate molecules required 
to cover the surface of a solid material (Lowell et al. 2004). 
The Langmuir equation was derived in 1918 from observations of water 
evaporation and condensation on a solid substrate (Adamson 1990). The equation uses 
the energy of adsorption to determine the amount of adsorbent gas required to create a 
monolayer on the surface (Sposito 1984). The equation is as follows: 
^=
 c ( f ; \ [2-6] 
Wn l + C{P/P0) 
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where W and Wm are the weights of adsorbate and monolayer, respectively, P is the 
equilibrium vapour pressure, Po is the saturation vapour pressure, and C is a constant 
associated with adsorption energy (Lowell et al. 2004). This model has some limitations 
and assumes only a monolayer of adsorption occurring. 
The BET equation improves upon the Langmuir equation by extending the 
approach to include multilayer adsorption and is the most popular method of calculating 
specific surface area of granular solids (Tan 1993, Lowell et al. 2004). The equation 
using the same variables as the Langmuir equation is rearranged as follows (Tan 1993, 
Lowell et al. 2004): 
1 C - l 
+ 
f p \ 
W{P0-P) WmC WmC V^oy 
[2-7] 
The weight of the monolayer Wm is calculated by the slope and intercept of the 
isotherm line (Lowell et al. 2004). The surface area can then be calculated by using the 
cross-sectional area of the adsorbate molecule with the following equation: 
S, , W - N ^ [2-8] 
M 
where St is the total surface area of the sample, N is Avogadro's number, Acs is the cross-
sectional area of the adsorbate molecule, and M is the molecular weight of the adsorbate 
(Lowell et al. 2004). 
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The use of adsorption isotherms and calculation of surface area can be tools for 
characterization of adsorptive properties of granular solid materials. An understanding of 
the properties of soils and adsorption is consequential to the activity and fate of organic 
pollutants in the environment (Hassett and Banwart 1989). Remediation of contaminated 
soil by biological, chemical, or physical methods are limited by the adsorption of organic 
compounds to soil and a fundamental understanding of contaminant-soil interactions is 
imperative to improve current remedial techniques (Salloum 1999). 
2.2 Remediation of contaminated oilfield sites 
As described in previous sections, soil contamination has detrimental effects on 
environmental systems and soil remediation is the process of mitigating and minimizing 
the effects by reducing contamination levels. The remediation of contaminated sites is 
conducted for a number of reasons, including landowner claims, lease agreements, 
government regulations, long-term liability, company policy, and resource protection 
(Carty et al. 1997). Generally, the goal of soil remediation is to reduce contaminant 
concentrations to regulated levels that do not inhibit soil functions. 
2.2.1 Remediation of salt impacted soils 
Salt contamination in soil can be characterized using several analytical methods. The 
concentration of total dissolved salts dissolved in soil water can be estimated by the 
measurement of electrical conductivity (EC) in deciSiemens per meter (dS/m) (Carty et 
al. 1997). Measurement of EC can be completed in the field or in the laboratory and 
when compared against the EC of normal soil ( < 4 dS/m) it can provide an indication of 
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concentrations of dissolved salts in the soil water by the increased electrical conductance. 
Other measurements of salinity are described by the concentrations of cations such as 
sodium (Na+), calcium (Ca2+), and magnesium (Mg2+) and their exchange between the 
soil particle and solution. The cation exchange capacity (CEC) of soil is measured by the 
sum of exchangeable cations expressed as centimoles of positive charge per kilogram of 
soil (cmol/kg) (Brady and Weil 1996). Salt contamination in soil is often attributed to 
sodium chloride (NaCl). The degree of the exchange complex of a soil particle that is 
saturated by sodium is called the exchangeable sodium percentage (ESP) and is 
represented by the following equation (Brady and Weil 1996): 
c e o - exchangeable sodium{cmolc I kg) 
hiijr — -, r X l U U / o L-^""J 
cation exchange capacity \cmolc I kg) 
Another measurement based on the competitive ratio between sodium, calcium 
and magnesium cations for adsorption is called the sodium adsorption ratio (SAR) and is 
represented by the following equation (Brady and Weil 1996): 
SAR
 = 1 - ^ ^ j J ^ [2-10] 
where [Na+], [Ca2+], and [Mg2+] in soil solution is expressed as mmol charge per litre 
(Brady and Weil 1996). 
Currently the most common methods for the remediation of salt impacted soils 
are: drainage systems, soil amendments, and salt tolerant crops (i.e., phytoremediation) 
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(Knox and Sabatini 2000). Drainage or flushing is used to leach soluble salts from soils 
into controlled canals and waterways (Franzen 2003). Soil amendments such as chemical 
additives and bulking agents are used to replace sodium at the soil surface with an 
alternative source of cations (eg. calcium from gypsum) or to improve infiltration of 
water into the soil (Qadir et al 1998, Franzen 2003). Reclamation of salt impacted soil 
may be completed by planting salt tolerant plants to repair soil structure damage done by 
salts (Carty et al. 1997). Usually a combination of drainage, amendments, and 
phytoremediation methods are used for site remediation. For example, Sublette et al. 
(2005) investigated the reduction of salt and hydrocarbon contamination by various 
tilling methods using several bulking agents. The use of tillage and bulking agents 
increased the macropores and corresponded to an improvement of soil structure, 
increased hydraulic conductivity, and increased leaching of salts (Sublette et al. 2005). 
A number of researchers have investigated the use of chemical amendments for 
remediating salt impacts. Knox and Sabatini (2000), and Korphage et al. (2003) used fly 
ash and gypsum respectively, to remove sodium from the soil particle surface. Research 
indicated that soil structure and vegetation visually improved from treatment; however, 
salt removal by these methods was limited by time (Knox and Sabatini 2000, Korphage et 
al. 2003). Qadir et al. (1998) implemented a multistage treatment method investigating 
vertical leaching, flushing events, and gypsum amendment and measured the response in 
crop production of rice and wheat. Research indicated that a multi-stage treatment 
(flushmg-gypsum-flushing) generated the best results in terms of crop production (Qadir 
et al. 1998). The use of amendments can be an expensive method of brine spill 
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remediation and it has been shown to require a significant amount of time and effort 
(Knox and Sabatini 2000, Korphage et al. 2003, Sublette et al. 2005). The application of 
amendment on its own is not enough to reclaim a soil and must include additional 
measures of irrigation and drainage for several years (Ashworth et al. 1999). 
Phytoremediation with salt-tolerant crops such as barley, salt grass, and wheat is an 
alternative method used to prevent further soil degradation (Knox and Sabatini 2000). 
Natural remediation by salt-tolerant plants is simple and requires less disturbance of 
topsoil; however, like soil amendments, the remediation process may require a long 
period of time compared with other methods (Carty et al. 1997). 
2.2.2 Remediation of hydrocarbon contaminated soils 
Numerous techniques exist for remediation of hydrocarbon contamination and can be 
used under a variety of situations. Currently the most common treatments for 
hydrocarbon contamination is bioremediation, incineration, and soil vapour extraction 
(FRTR 1991). Due to the high cost of incineration and the conditional requirements for 
soil vapour extraction, the use of these techniques are limited to selected sites. 
Bioremediation is a more common remediation technique due to its versatility and 
relatively low cost (Singh and Ward 2004). 
Bioremediation is described as the biological/biochemical degradation of 
hydrocarbon compounds in soil by populations of carbon utilizing microorganisms 
(Brady and Weil 1996). The microorganisms oxidize hydrocarbon compounds to create 
energy (Adriano et al. 1999). In order to optimize degradation, environmental managers 
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control certain important variables of the metabolic pathway to maximize bacterial 
growth (Adriano et al. 1999, Singh and Ward 2004). Laboratory studies by Dibble and 
Bartha (1979) demonstrated the importance of soil moisture, pH, mineral nutrients such 
as nitrogen and phosphorous, temperature, and aeration for controlling bioremediation of 
hydrocarbons in soil. To date, many experiments have investigated the effect of these 
factors under a variety of laboratory and field conditions. One problem observed in all 
hydrocarbon remediation experiments is the low bioavailability of poorly soluble residual 
hydrocarbons in soil. The persistence of hydrocarbon contamination from crude spills 
may be attributed to the high molecular weight and recalcitrance of some of the 
contaminant constituents (Atlas 1981, Amatya et al. 2002). The very low solubility of 
these recalcitrant hydrocarbon fractions translates to poor availability for metabolism by 
microorganisms and often residual hydrocarbons remain for long periods of time (Talley 
2006). Due to their low solubility in water and low hydraulic conductivity, remediation 
of hydrocarbons in soil is a continuing challenge (Khaitan et al. 2005). 
2.2.3 Challenges 
There are several challenges to the remediation of mixed salt and hydrocarbon wastes at 
oilfield sites. The presence of salts has been shown to impede the growth of the 
hydrocarbon degrading bacteria responsible for bioremediation (Cook et al. 2002). This, 
in addition to the resistance of heavy fractions of hydrocarbons to degradation, may 
prolong the treatment time. Many forms of treatment for hydrocarbons are limited by the 
adsorption to soil colloids, especially organic matter. Research into the effects of high 
salt concentrations on residual hydrocarbons adsorbed to soil particles is limited. A 
Page 23 
greater understanding of this relationship is important to improve the current methods 
used to treat oilfield sites. 
An effective remediation strategy to address the unique properties of the mixed 
hydrocarbon and salt contaminated waste could include integrated soil remediation 
technologies. Soil washing is a remediation technology that is already currently used at 
hydrocarbon contaminated sites. Soil washing is described as a waste reduction method 
of separating fine grained soil containing adsorbed hydrocarbons in soil/water slurry, thus 
concentrating the contamination in a smaller volume (Griffiths 1995, Saponaro et al. 
2002). Similarly, soil flushing is a method that is used to leach contamination from the 
soil surface into the aqueous phase of the slurry water (Bai et al. 1997). Research by Bai 
et al. (1997) used soil flushing supplemented by surfactants to leach and remove residual 
hydrocarbons. Results indicated that residual hydrocarbons were removed predominantly 
by mobilization and the increased solubilization of surfactants played an insignificant 
role in hydrocarbon removal (Bai et al. 1997). Research by Shin and Kim (2004) was 
completed to investigate the removal of phenanthrene and diesel by surfactant flushing on 
contaminated sand. Under optimal conditions significant reduction of contaminants was 
observed (Shin and Kim 2004). In both experiments, removal efficiency was determined 
to be dependent on the soil particle size and the type of surfactant (Bai et al. 1997, Shin 
and Kim 2004). It was postulated that treatment efficiency may be decreased for finer 
grained soils with smaller pore size under field conditions (Shin and Kim 2004). 
Therefore, it is assumed that the adsorption of hydrocarbons to fine-grained soil common 
at many drill sites in western Canada may pose a problem for the effectiveness of soil 
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flushing (Kuhlman and Greenfield 1999). An enhanced form of soil flushing that 
removes adsorbed contaminants from the fine soil particles would be expected to increase 
the leaching effectiveness. The use of ultrasound is a technique with potential for 
improving contaminant desorption. 
2.3 Ultrasonic soil treatment 
2.3.1 Sonochemistry 
Ultrasonic technology has become a valuable tool in the field of analytical chemistry. It 
has a wide range of potential applications and requires relatively inexpensive laboratory 
equipment. The different sizes and operating intensities of ultrasonic equipment can be 
easily adapted to suit specific research questions. Ultrasound is defined as the frequency 
of sound beyond the range of human hearing normally at 16 kHz (Mason 1990a). Sound 
waves above this range (particularly above 20 kHz) carry more acoustic energy and are 
capable of remarkable effects on many chemical reactions (Mason 1990b). Application 
of ultrasound to a material submits the substance to physical forces from intense heat and 
pressure. 
Ultrasound is commonly used for medical diagnosis, materials testing, and 
underwater ranging (Mason 1990a). Ultrasound and its application can be divided into 
two categories: low intensity and high intensity. The intensity of the ultrasound is 
described as the power of the acoustic wave (Watt) applied to a unit area of the medium 
(square centimeter) (Mason 1990a). The ultrasonic intensity can also be described as the 
power density of the acoustic wave. 
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Low intensity ultrasound is used for diagnosis, scanning, and material testing by 
the transmission of non-destructive levels of energy through a medium in order to obtain 
information (Raichel 2000). Although the frequency of diagnostic ultrasound is very 
high (2 to 10 MHz) compared with frequencies used in chemical applications of 
ultrasound (20 to 100 kHz), the low intensity of power carried by the acoustic wave has a 
very limited effect on the applied medium and does not influence chemical reactivity 
(Mason 1990a). High intensity ultrasound is used to induce a permanent chemical or 
physical change on the target medium (Mason 1990b). High intensity ultrasound is more 
commonly used in analytical sonochemistry and applies sound waves with lower 
frequencies and higher power intensity to achieve the intended physical or chemical 
effect. 
The application of ultrasound in analytical chemistry is derived primarily from 
acoustic cavitation: the formation, growth and implosive collapse of small bubbles in a 
liquid (Suslick 1990). Cavitation from ultrasonic irradiation is the mechanism of 
transferring the acoustic energy into extreme physical forces within the medium at a 
localized scale. Cavitation begins with the formation of micro-bubbles within the liquid 
from the rarefaction of the acoustic wave (Mason 1990a, Collings et al. 2006). The 
compression and rarefaction phases of the acoustic wave cause rapidly alternating 
pressures in the liquid (Collings et al. 2006). Bubbles trapped in the liquid expand and 
contract with the wave. The bubbles may grow with successive waves if the rate of 
expansion in the rarefaction phase is greater than the rate of compression during the 
compression phase of the cycle (Suslick 1990, Collings et al. 2006). Once the bubble 
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reaches a critical size and can no longer adsorb sound energy to sustain it, the 
surrounding liquid rushes in and the cavity violently implodes (Suslick 1990). During the 
collapse, the vapour and gases within the bubble are rapidly compressed, releasing 
instantaneous heat and pressure as high as 5000 K and 1000 atm, respectively (Mason 
1990a). The collapse is significantly faster than the transportation of heat and thus 
creates a short-lived, localized hot spot while the temperature of the system remains 
generally unaffected (Suslick 1990, Mason 1990b). 
When ultrasonic waves are applied to a heterogeneous liquid-solid mixture there 
is an empirical effect on cavitation. Cavitation becomes influenced by the presence of 
solid particles observed by a change in the symmetry of bubble collapse (Thompson and 
Doraiswamy 1999). When cavitation occurs next to a particle the collapse is 
asymmetrically directed at the particle surface in a high-powered microjet with velocities 
greater than 100 m/s (Suslick 1990). When cavitation occurs away from particles, the 
cavitation collapse is symmetrical and the Shockwave from the collapse can generate 
turbulence or microstreaming across solid particles (Suslick 1990, Thompson and 
Doraiswamy 1999). These forces are used widely for particle cleaning of solids in 
suspension or slurry. 
2.3.2 Sonochemistry in remediation 
Ultrasound waves have valuable potential for the destruction and removal of biological 
and chemical contaminants in soil or water. The destruction of contaminants is 
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completed by the direct oxidation of chemical residues or by desorption and leaching of 
contaminants from materials (Mason and Lorimer 2002, Mason et al. 2004). 
Ultrasonic treatment can be used to target compounds that may otherwise persist 
in the environment and degrade highly stable contaminants such as polychlorinated 
biphenyls (PCBs), polycyclic aromatic hydrocarbons (PAHs), pesticides, and other 
organochlorides that adsorb to the surface of soil particles (Collings et al. 2006). The use 
of ultrasound as a tool for degrading hazardous chemicals has the potential to become 
economically competitive with other degradation technologies (Hoffman et al. 1996). 
Hoffman et al (1996) reported ultrasonic treatment to be effective for the destruction of 
organic contaminants in water due to oxidation and high localized temperatures and 
pressures. The breakdown of hazardous compounds into intermediate products can be 
relatively easy to monitor. For example, Little et al. (2002) found that the ultrasonic 
degradation of phenanthrene created sub-products that can be observed with gas 
chromatograph analysis. Results indicated at temperatures of 40°C, there was an 88% 
reduction in phenanthrene concentrations and an increase in concentration of degradation 
products anthracene, naphthalene, and phenol (Little et al. 2002). One concern regarding 
the destruction of complex organic compounds is the generation of dangerous 
byproducts. According to Collings et al. (2006), the rapid destruction of persistent 
organic pollutants limits the production of toxic compounds such as dioxins. Generally, 
the smaller fractions of hydrocarbons produced as degradation byproducts tend to have 
higher solubilities and are more volatile, therefore increasing their bioavailability for 
remedial treatments (Feng and Aldrich 2000). 
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Another form of ultrasonic research is the potential for ultrasonic desorption of 
sorbed materials to solid particles. Studies have shown that organic and inorganic 
adsorbates are released by asymmetric bubble collapse, facilitating the process of 
cleaning, destruction and extraction within aqueous solution (Lim and Okada 2005). 
Experiments by Lim and Okada (2005) indicated that desorbed trichloroethylene in the 
liquid phase can be degraded effectively by ultrasound. Desorption of organic pollutants 
is achieved by breaking the physical bonds between the adsorbate and adsorbent (Lim 
and Okada 2005). Juang et al. (2006) compared the change in adsorption isotherms for 
phenol to activated carbon using ultrasound. Results indicated that when ultrasound was 
applied, the adsorption capacity decreased and the Langmuir constant increased with 
ultrasonic power while lowering the number of surface sites available for adsorption 
(Juang et al. 2006). Mason et al. (2004) suggested that the mechanisms for ultrasonic 
removal of chemical contaminants are associated with the increased abrasion on particle 
surfaces and the improvement of solvent leaching of entrenched residual materials. The 
degree of contaminant removal was determined to be dependent on ultrasonic power, 
water flow rate, and soil particle size (Kim and Wang 2003). 
Normal leaching of contaminants relies on the interaction between the solvent and 
particles of solid. It is thought that ultrasonic generated microstreaming, dispersion, and 
turbulence enhances the solvent interaction and leaching efficiency (Mason et al. 2004). 
A review of ultrasonic remedial technology by Breitbach and Bathen (2001) indicated 
that ultrasound not only promotes desorption but also enhances the transfer of pollutants 
and solvent through the system. Experiments by Chung and Kamon (2005) showed an 
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increase in permeability and removal rate of contaminants in clay from electrokinetic and 
ultrasonic tests. Contaminant removal was considered to be influenced by the increased 
water saturation and flow generated by ultrasonic waves (Chung and Kamon, 2005). The 
mechanisms responsible for the increased flow and transport by ultrasonic energy are 
attested to the displacement, velocity, and acceleration of fluid particles, and the 
phenomena of cavitation, acoustic streaming, and interfacial instabilities (Chung and 
Kamon 2005). 
Certain factors have been shown to influence the success of hydrocarbon removal 
using ultrasound. The variables of particle size, initial hydrocarbon concentration, 
salinity, pH, and surfactants have significant effects on the removal of hydrocarbons from 
soil (Feng and Alderich 2000). The efficiency of ultrasonic soil washing decreases with 
decreasing particle size and with initial concentration due to adsorption. As salinity was 
increased the removal of hydrocarbons increased to an optimal point (0.4 Molarity [M]) 
after which increasing salinity reduced the efficiency of removal (Feng and Aldrich 
2000). Feng and Aldrich (2000) theorized that up to a level of 0.4 M, salinity weakened 
electrostatic attraction of hydrocarbon and soil particles; however as concentrations rose 
higher than 0.4 M the electrical potential (zeta potential) between the surface and 
adsorbates reached a critical point where the potential is equal to zero (Tan 1993). After 
this point, the removal of hydrocarbons appears to decrease continually. There is no clear 
explanation for this phenomenon in the existing literature. 
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2.4 Summary 
Ultrasonic technology has been used effectively to desorb and treat recalcitrant 
contaminants such as hydrocarbons under various conditions (Feng and Aldrich 2000, 
Kim and Wang 2003, Mason et al. 2004, Lim and Okada 2005). Challenges presented by 
adsorption to fine soil colloids, toxicity, and salinity impacts may be addressed by the use 
of ultrasonic soil washing; however, few research studies have been reported to examine 
the effect of ultrasound on the remediation of mixed contaminants, particularly crude oil 
contaminated soils under elevated salinity conditions. Ultrasonic soil remediation has the 
potential of improving contaminant removal from crude oil and brine impacted soil. 
Furthermore, research using ultrasound may provide valuable information about the 
complex processes and interactions between salt, hydrocarbons, and soil. 
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Chapter 3 Methods and Materials 
The research experiment was designed using an ultrasonic probe reactor and vacuum 
filtration system to treat three different soils contaminated with crude oil. Additional 
treatments were completed with the addition of dissolved sodium chloride salt to explore 
the influence of salinity on treatment results. A detailed description of materials and 
methods used to complete the experiment is provided in the following sections. 
3.1 Soil 
Three soils were used in the research experiments and included sand, clay, and muskeg 
soil. A bag of industrial quality graded sand was obtained from VWR International 
(Ottawa Sand - cat # 20118-003). Commercially available sand was chosen to represent 
coarse grained material for comparison and is commonly used for laboratory based 
environmental research (Fine et al. 1997, Feng and Aldrich 2000, Farmer et al. 2000). 
The sand was characterized by visual observation as a light brown medium grained sand. 
The clay and muskeg soils were collected for the research project with the 
assistance of an independent petroleum development and production company operating 
in Fort St John, British Columbia. Unimpacted clay and muskeg soil were targeted for 
soil conditions commonly found at oil and gas production sites in western Canada and 
were collected near a former oil and gas production site in an undisturbed area. Clay was 
collected from the B-horizon and was classified by visual observation as a dense grey 
clay unit with some silt, trace sand and gravel. Muskeg soil was collected from the A-
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horizon of a nearby peat bog and classified by visual observation as an organic peat 
containing abundant coarse organic debris (wood, rootlets, grasses, etc.). According to 
soil survey report No 42, "soils of Fort St. John-Dawson Creek Area" by Land Resource 
Research Institute (Agriculture Canada, 1985) the clay soil is most likely described as an 
Orthic Gray Luvisol generated by glacial morainal or lacustrotill deposits and the muskeg 
is classified as a Terric Mesisol generated from moderately decomposed bog peat. The 
clay and muskeg soils were chosen for the prevalence in drilling areas and their 
contrasting properties important for sorption. 
The clay and muskeg soils were screened to remove coarse organic debris, 
homogenize soil conditions, and to remove coarse particulates (sand and gravel). The 
soils were dried in a laboratory oven at 60°C overnight to dry excessive moisture. The 
clay and muskeg were first screened with a Fisher, No. 8 sieve (2.34 mm) followed by a 
No. 20 sieve (0.805 mm). To assist with screening, large soil clumps were ground down 
using a mortar and pestle. The end result of screening was a workable, fine granular soil 
with homogenous soil conditions. 
3.1.1 Soil characterization 
Initial characterization of the three soils was completed for physical and chemical 
properties. Samples of sand, clay, and muskeg were analyzed by the BC Ministry of 
Forests (MOF) research branch laboratory in Victoria, BC for soil texture, pH, 
conductivity, total carbon content, total nitrogen content, exchangeable cations, and 
effective CEC. Soil texture was analyzed by hydrometer, sample pH was measured using 
Page 33 
a lab pH meter and conductivity was measured with a conductivity meter by saturated 
paste method. Total carbon and nitrogen was measured using an elemental analyzer and 
exchangeable cations and effective CEC were analyzed by ICP spectrometer using a 0.1 
N barium chloride extraction. ESP and SAR were calculated for each soil to assess initial 
salinity properties using the results for CEC and concentrations of sodium, calcium, 
magnesium. 
3.1.2 Adsorption characterization 
Samples were analyzed for adsorption properties using the Quantachrome Autosorb-1 
analyzer. The instrument measures the quantity of gas adsorbed to a solid surface by 
physical van der Waals forces at equilibrium vapour pressure by static volumetric method 
(Quantachrome 2005). Measurement is completed at the gas critical temperature (77.35 
K) using liquid nitrogen coolant in a physisorb dewer flask. Approximately 1 g of 
sample was placed in a 6 mm glass sample cell (part # 74028). Analysis of "physisorb 
micropore run" using the multi-point BET method was selected in the provided data 
acquisition field of the Autosorb software. Analysis was completed automatically over a 
24 hour period and the adsorption isotherm was generated on the laboratory computer. 
Particle surface area was calculated using the slope and intercept of the adsorption 
isotherm and known properties of the adsorbent. 
3.1.3 Crude oil soil spiking 
Crude oil was donated to the project by the Husky Energy light oil refinery in Prince 
George, BC. The crude oil is called BC light oil crude and is produced in northeastern 
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BC and delivered via pipeline from Fort St John. The crude oil has a density of 0.8 g/ml 
at 15°C, 15% sulfur content and approximately 1% sediment/water content (Hughes 
2005) and is refined at the Husky refinery in Prince George to produce gasoline, diesel, 
fuel oil, and asphalt. The salt concentration in the crude range from 16-100 pounds per 
thousand barrels (Hughes 2005) 
Sand was spiked with concentration of 1% crude oil to sand by volume. Clay and 
muskeg were spiked with concentrations of 2% crude to soil by volume. The 
concentration mixtures were determined by trial and error and chosen to represent a high 
level of contamination. The volume of the total bulk soil was calculated using the bulk 
density. The corresponding volume of crude oil was measured out into a beaker and then 
diluted in hexane (Amellal et al. 2001). The hexane/crude solution was mixed 
thoroughly into the soil until the soil was completely saturated with hexane. The hexane 
was allowed to evaporate in the fume hood leaving the crude oil adsorbed evenly 
throughout the soil. Once the soil was dry, it was manually mixed again to assure even 
hydrocarbon distribution. The soil was spiked approximately 1 week before use and was 
stored in the fridge at 4°C. Periodic analysis of soil samples indicated that losses due to 
volatilization and degradation were minimal. 
3.2 Experimental design 
The ultrasonic soil flushing experiment was completed at the Soil and Groundwater 
Remediation Laboratory at UNBC. Three replications were completed for each 
combination of treatment variables. Three variables were tested and included soil type 
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(sand, clay, and muskeg), salinity (no salt, salt added), and sonic treatment time (control, 
2 min, 5 min, 10 min, 20 min, and 40 min). Soil type classes were selected to provide a 
range of soil textures and to test the differences of crude oil adsorption between clay and 
organic matter. The "salt added" salinity class was tested to represent a soil with high 
salinity. Sonic treatment time was tested to observe the effect of treatment duration. The 
treatment class "control" illustrated the conditions completing treatment without 
ultrasound and was useful for comparison against other sonic treatment durations. In 
total there were 36 combinations of variables. Since the treatment method was 
destructive, only one set of analyses could be made per treatment and 36 treatments using 
all combinations were conducted for each replication. Table 3.1 below summarizes the 
variable combinations for experimental design. 
Table 3.1 Summary of experimental design 
Variable 
Soil type 
Salinity 
Treatment time 
Number of 
Classes 
3 
2 
6 
Total number of combinations: 36 
Class descriptions 
sand, clay, muskeg 
no salt, salt added 
control, 2 min, 5 min, 10 min, 20 min, 40 min 
To begin each treatment, a 30 ml volume of oven dried soil was removed from the 
spiked batch. Using the bulk density of each soil the equivalent mass of 30 ml of each 
soil was calculated. This 30 ml volume was measured using a calibrated Denver 
Instrument SI-403 bench-top digital scale accurate to the milligram and corresponded to 
45.9 g of sand, 35.7 g of clay, and 7.7 g of muskeg. The measured sample was placed in 
a 140 ml glass beaker with 50 ml of deionized water. For "salt added" treatments 0.8 g of 
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sodium chloride was dissolved in the 50 ml of water (0.27 M sodium chloride solution) 
before adding to the soil (Feng and Aldrich 2000). The soil and water was mixed on a 
Fisher-Scientific magnetic stirrer for 2 minutes. After mixing the sample the stir bar was 
removed and rinsed with 20 ml of DI water for a total water volume of 70 ml (30 ml of 
DI water would be added after sonication for a total water volume of 100 ml). The 
beaker containing the sample was then secured to a stand with the beaker partly 
submerged in a VWR circulating water bath set to 20°C. The water bath was used to 
maintain a constant sample temperature and prevent losses from volatilization due to 
heat. 
Table 3.2 Summary of experimental materials 
Solid Substrate 
Soil 
Sand 
Clay 
Muskeg 
Volume 
30 ml 
30 ml 
30 ml 
Mass" 
45.9 g 
35.7 g 
7.7
 K 
Contaminants 
Crude Oilb 
1% 
2% 
2% 
Saltc 
0.8 g 
0.8 g 
0.8 g 
Fluid Medium 
DI Water (total added) 
100 ml 
100 ml 
100 ml 
a
 Mass equivalent of 30 ml of soil. 
b
 Concentration of crude oil in soil given as volume of oil per volume of soil. 
0
 For "salt added" treatments only. 
3.2.1 Sonic treatment 
Sonic treatment was carried out by placing the lA inch diameter titanium sonic probe 2.5 
cm into the center of the sample. The sonic probe was operated by a 20 kHz Misonix 
Sonicator 3000 generator set at maximum power (500-600 W output). According to 
Mason (1990b), the power intensity generated at the tip of the probe is equal to the 
electrical power of the probe divided by the surface area of the transducer tip. In this 
case, the power intensity of the probe used in the experiment was approximately 400 
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W/cm2. The sonic treatment time was set on the digital display for the corresponding 
time interval. Figure 3.1 below illustrates the probe setup for each sample treatment. 
Figure 3.1 Sonic probe and sample setup 
3.2.2 Filtration 
In order to accurately test the final concentration of TPH, it was necessary to separate and 
remove the water from the treated soil. After sonic treatment, the sample was removed 
and poured into a VWR glass filtration system that included a 250 ml glass container, a 
fritted glass filter, filter clamp, and a 1000 ml erlenmeyer flask. A Fisher GF/A 1.6 um 
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retention glass microfibre filter paper was placed between the top container and fritted 
glass filter and held in place with the filter clamp. The sample residue was rinsed from 
the beaker into the filter top with another 30 ml of DI water. Filtration was completed by 
vacuum filtration. Vacuum was applied by attaching the erlenmeyer to the faucet with 
nalgene tubing. The faucet was turned on to medium flow to start the vacuum. Figure 
3.2 illustrates the apparatus setup for the filtration procedure. 
Figure 3.2 Sample filtration apparatus setup 
Once filtration was complete, the sample was transferred to a 120 ml soil jar and allowed 
to dry overnight. 
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3.3 Supplemental salinity experiment with sand 
To elaborate upon the results generated for "no salt" and "salt added" treatments, a more 
extensive approach was used to explore the effect of salt concentrations on the removal of 
TPH. For the experiment, crude oil spiked sand from the previous experiment was used. 
A sample of sand (45.9 g) was measured out into a beaker. Five concentrations of 
sodium chloride (0, 0.02 M, 0.03 M, 0.07 M, and 0.14 M) were used to compare the 
effect of increasing salt on the TPH removal. The salt was measured out and dissolved in 
50 ml of deionized water. Using the same methods as the previous experiment, the 
sample was treated with ultrasonic waves for 2 minutes and then the water was filtered 
using vacuum filtration. Sub-samples were collected of the treated sand for analysis of 
TPH concentrations. 
3.4 Sample extractions 
3.4.1 Soil and filter paper extractions 
Soil and filter paper extractions were completed by mechanical shaking method. Soil 
was sampled to demonstrate the reduction of TPH concentration. Filter papers were kept 
after filtration and extracted to provide an indication of the fate of hydrocarbons 
following treatment (i.e., adsorption by the filter paper). The standard method for soil 
extraction is the Soxhlet method (EPA 1996, CCME 2001); however, literature shows 
that mechanical shaking extraction is comparable in accuracy to the Soxhlet method 
(Schwab et al. 1999, Siddique et al. 2006). The advantage of using mechanical shaking 
extraction is the ability to complete more samples at once while using less solvent. 
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The extraction was completed by collecting a subsample (2 g from sand, 3 g from 
clay, 1 g from muskeg) of each treated soil and transferring the subsample into a 40 ml 
glass vial. Two subsamples, or repeated measurements, were collected from each treated 
soil and the results were averaged to ensure the result was representative. Different 
masses were used between soils types to account for the different bulk densities and to 
improve the accuracy of subsampling. A volume of 10 ml of 1:1 hexane/acetone (CCME 
2001) was added to each subsample and samples were placed in a tray on a New 
Brunswick Scientific C2 platform shaker at 250 rpm for 30 min. Once shaking was 
complete, the samples were allowed to settle and the solvent was transferred into another 
set of 40 ml vials with a disposable glass pipette. Another 10 ml of solvent was added to 
the samples and the extraction procedure was completed two more times. Following 
extraction, a total of 30 ml of solvent containing the extracted sample in solution was 
obtained. 
3.4.2 Silica gel column cleanup 
The procedures followed for sample preparation by silica gel column cleanup including 
apparatus and solvents were developed from the CCME "Tier 1 reference method for the 
Canada-wide standard of petroleum hydrocarbons in soil" (CCME 2001). Extracted 
samples were prepared for analysis by completing a column cleanup procedure to remove 
moisture, particulate, and unwanted polar organic compounds. Column cleanup is a 
common laboratory method for improving the accuracy of analytical results by extraction 
(CCME 2001). Prior to completing the column, the extraction volume was reduced to 
approximately 2-5 ml using a Yamato RE400 rotary evaporator with the bath temperature 
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set at 60°C. The hexane/acetone solvent was evaporated off and collected in another 
vessel while the extracted sample remained in the reduced volume. Pre-column 
evaporation to concentrate the extract is recommended by the CCME (2001) to lower the 
volume of acetone which can interfere with the ability of the silica gel to filter out polar 
organic compounds. 
The cleanup column consisted of a 30 cm long, 16 mm diameter glass column 
plugged with glass wool (CCME 2001). Approximately 6.5 cm of 70-230 mesh silica gel 
(Fischer S286-1 activated at 110°C for >12 hours) was placed at the bottom of the 
column followed by approximately 2.5 cm of anhydrous sodium sulfate (S415-212 dried 
at 400°C for 4 hours) (Hughes 2005). Column packing was wet using 15 ml of 1:1 
hexane/DCM. The sample was carefully poured into the top of the column and then 
followed by another 20 ml of hexane/DCM to carry the sample through the column. The 
sample vial was rinsed and added to the column. The cleaned extract volume was again 
reduced using the rotary evaporator to <2 ml and transferred to a 2 ml GC vial. The 
sample was brought to 2.0 ml with toluene. 
3.5 Hydrocarbon analysis using gas chromatograph 
Samples were submitted to the Central Equipment Laboratory at UNBC for analysis of 
semivolatile TPH using a Varian CP-3800 Gas Chromatograph with flame ionization 
detector (GC-FID). A ZB-5 capillary column (Phenomenex Torrance, CA) with 15 m x 
0.25 mm ID and 0.25 urn film thickness was used for the separation of the TPH extracts. 
Typically, 1 \iL of TPH extract was injected into the GC system using a Varian CP-8400 
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auto-sampler. Splitless injection mode was performed on the 1079 PTV injector and after 
0.7 min the split mode was activated at split ratio 10:1. Both the injector and the detector 
(FID) temperatures were kept at 320°C during the analysis. The capillary column 
temperature was initially held at 50°C for 2 min, then increased at 15.0°C/ min to 110°C 
and further increased at 10.0°C/ min to 300°C and held at 300°C for 10 min. The total run 
time was 35 min for each sample. The carrier gas (helium) was maintained at a constant 
flow rate of 1.5 mL/ min for the whole analysis and no pressure pulse was used for the 
injection. 
N-hexadecane (n-C16) at a known concentration of 1,000 ppm was used as the 
external standard for the calibration of the instruments and to determine the response 
factor for TPH. The 1,000 ppm n-Ci6 standard solution was used for each analysis batch 
for the duration of the project. The standard deviation of the response factor for the 
standard solution was approximately 14% and is within the range of the allowed 
experiment error for the method. The concentration of each TPH sample were calculated 
by summing up all the peak areas of the GC profile between Cio and C50 and converted to 
a concentration in mg/kg (ppm) by using the response factor and bulk density of the n-Ci6 
standard solution. The start time for integration at Cio was 3.40 minutes and the end time 
for C50 occurred at approximately 33 minutes and marked the peak ranges for TPH. 
3.6 Quality assurance and quality control (QA/QC) 
To monitor the accuracy of the results, several tests were completed on the different 
procedures and materials to ensure methods were operating as intended. All procedures 
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were completed carefully with clean equipment. Between uses, decontamination of 
glassware and other materials was completed by washing with the surfactant, Alconox, 
and hot water in approximately a 1% solution followed by a deionized water rinse. Other 
glassware cleaning methods were tested including a solvent/alcohol rinse, and a strong 
oxidizing acid bath (sodium dichromate in sulfuric acid). It was determined that with the 
level of analytical sensitivity associated with the GC, the Alconox washing method was 
sufficient to remove residuals to <5 mg/kg. Materials used in the experiment including, 
sand, filter papers, silica gel, sodium sulfate, toluene, hexane, acetone, and a magnetic stir 
bar were tested for extractable concentrations of TPH. None of the materials contained 
TPH concentrations greater than 3 mg/kg. 
During experiments duplicates and blanks were analyzed to test accuracy and 
monitor cross contamination between samples. A repeated measurement or duplicate was 
collected for every treated soil sample analyzed. Each pair of measurements was 
compared to test the sample homogeneity of the treated sample. The results of the two 
repeated measurements were averaged for each pair. The average of the repeated 
measurements is reported in the results (Chapter 4). Three replications of treatments 
were completed to measure the accuracy of laboratory methods and the reproducibility of 
the experiment. The TPH concentrations between the three replications were compared 
for systematic error using the average, standard deviation, and percent variation. The 
results of the statistics were used to compare against quality control standards used by the 
CCME laboratory methods. 
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According to the CCME Tier 1 laboratory procedures the method detection limits 
(MDL) for semivolatile analysis of total petroleum hydrocarbon is 200 mg/kg (CCME 
2001). The data quality objectives used by the CCME state that repeated analyses that 
contain concentrations greater than 10 times the MDL must have a % SD of less than 
30% (CCME 2001). For the purposes of this research, a conservative MDL of 100 mg/kg 
was used for the analytical procedures. A value of 30% variability was used as an 
acceptable range of quality for analytical results greater than 10 times the MDL (1,000 
mg/kg). 
Three replications were completed for each combination of variables. Once every 
replication a method blank (uncontaminated sand sample) was run through the treatment 
system and analyzed. This was completed to measure the contamination of samples by 
residual hydrocarbons on the experiment apparatus. Furthermore, a lab blank was 
analyzed for each replication and consisted of a blank GC vial of solvent to test for 
contamination from the analytical apparatus (GC-FID). 
3.7 Reporting of results and statistical analysis 
Analytical results obtained from the GC-FID were tabulated. The reduction of TPH 
concentrations were calculated by subtracting the final concentration from the initial 
concentration reported in percent reduced from initial. Graphical presentation of the data 
was completed using Microsoft Excel. The data was presented using a bar graph with the 
two salt classes presented as bars side by side for comparison. 
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Statistical analysis of the experimental results was completed using a univariate 
analysis of variance (ANOVA) test. The test was preformed with SPSS statistical 
software (SPSS 15.01.1 for Windows). The percent TPH reduction data was entered for 
the whole project as the dependent variable with salinity, and treatment time as the fixed 
factors. Preliminary histograms of the data identified that the data was skewed and thus a 
square root transformation was completed to normalize the data. A plot of the. 
probabilities of residuals used to assess the distribution of the data indicated that the data 
was close to normal. The P-P plot of probabilities is presented in Figure 3.3 below. 
Observed Cumulative Probabilities 
Figure 3.3 Normal P-P probability plot 
Page 46 
The results of the ANOVA test were used to determine whether the differences observed 
in TPH concentrations were significant with respect to the factors. The results are 
presented in Chapter 4 along with experimental results. 
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Chapter 4 Results and Analysis 
4.1 Soil physical and chemical properties 
The results of the soil characterization completed at the BC MOF laboratory in Victoria, 
British Columbia are summarized in Tables 4.1 and 4.2. The ESP and SAR values were 
calculated from the exchangeable cation concentrations and the CEC values. According 
to the BC MOF lab, the organic content of the muskeg soil was too high to complete soil 
texture analysis. The pH of the muskeg was acidic, typical of organic soils due to the 
presence of organic acids. The carbon content of the muskeg accounted for nearly 50% 
of the sample and was approximately 37 times greater than the organic carbon content of 
the clay soil. The carbon content in the muskeg was similar to results obtained for an 
organic peat soil used in sorption experiments by Salloum (2001). 
Table 4.1 Selected properties of batch soil samples 
Sample 
Name 
Sand 
Clay 
Muskeg 
Texture 
sand 
100.0 
22.2 
n/aa 
silt 
0.0 
35.7 
n/aa 
clay 
0.0 
42.1 
n/aa 
pH 
6.91 
7.38 
3.69 
Conductivity 
(ds/m) 
1.2 
26.2 
9.9 
Total 
Carbon 
(%) 
0.06 
1.29 
48.06 
Total 
Nitrogen 
(%) 
0.002 
0.079 
0.981 
Soil texture could not be completed on muskeg due to high organic content. 
The EC of the clay soil was approximately 7 times greater than the conductivity 
of normal soil (0 to 4 dS/m) and nearly 3 times greater than the conductivity of the 
muskeg soil (Brady and Weil 1996). As expected, the CEC of the muskeg soil was 
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approximately 2.5 times higher than the clay soil and approximately 600 times higher 
than the sand. The sodium related measurements of ESP and SAR were within normal 
limits (0-15 and 0-13, respectively) for all soils due to the low relative concentrations of 
exchangeable sodium compared with the CEC or concentrations of exchangeable calcium 
and magnesium (Brady and Weil 1996). The EC of clay soil was higher than expected 
for an unimpacted soil and may be an indication of some pre-existing salt contamination. 
Since the ESP and SAR for the clay soil were within normal limits, it was anticipated that 
the physical properties of the clay would remain as a valuable component of the 
experiment for comparison to sand and muskeg. 
Table 4.2 Additional properties of batch soil samples 
Sample 
Name 
Sand 
Clay 
Muskeg 
Exchangeable Cations (cmol/kg) 
A1J+ 
0.007 
0.025 
1.386 
Ca i+ 
0.04 
15.43 
28.89 
Mg^+ K+ 
0.021 0.002 
2.552 0.379 
16.563 0.784 
Na+ 
0.007 
0.166 
0.482 
CEC 
(cmol/kg) 
0.08 
18.55 
49.49 
ESP 
8.4 
0.9 
1.0 
SAR 
2.6 
3.9 
7.1 
The soil physical properties were obtained from the physisorb analysis. The soil 
with the highest measured surface area and total pore volume was the clay soil (Table 
4.3). According to the soil texture analysis the clay soil contained a larger proportion of 
fine grained soil compared to the sand. The particle surface area measured for the 
muskeg soil was lower than expected and likely contains a larger proportion of coarse 
organic material still present after soil sieving and preparation techniques. The large 
particle size of the muskeg soil inferred by the low surface area indicates that the soil 
contained a lower proportion of humified material and the value of organic carbon is 
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represented largely by coarse organic material and only a small portion of colloidal 
organic matter. In contrast, the organic carbon value in clay is likely represented by a 
high proportion of colloidal organic matter created by geological and biological 
weathering processes. 
Table 4.3 Soil grain properties 
Sample 
Name 
Sand 
Clay 
Muskeg 
Average 
pore size 
(Aa) 
0.9739 
11.23 
0.5013 
Total 
pore volume 
(mm3/g) 
0.0092 
6.993 
0.0335 
Surface 
area 
(m2/g) 
0.378 
24.9 
2.67 
Angstrom unit equivalent to 10" cm 
4.2 Soil adsorption properties 
Adsorption isotherms were generated with an autosorb analyzer using a multi-point BET 
method. The method is commonly used for measuring particle properties and was used 
to compare the three soils. The analysis operates on the principles of physical adsorption 
and does not account for other sorption processes such as chemisorption or partitioning to 
the organic fraction of the soils. An adsorption isotherm and desorption isotherm were 
generated for each soil type and plotted on an overlay isotherm plot (Figure 4.1) of 
adsorbed nitrogen concentration (cc/g) versus relative pressure (P/Po). The shape of the 
clay isotherm displayed a type II form of isotherm for macroporous adsorbents with 
unrestricted monolayer/multilayer adsorption at the surface (Lowell et al. 2004). The 
inflection point of the curve (approximately 0.02 P/P0 pressure and 4.5 cc/g volume of 
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gas) following the initial rise in adsorption indicates the point where monolayer coverage 
of sorbate is achieved and multilayer adsorption begins (Lowell et al. 2004). The clay 
exhibited a larger proportion of physical adsorption compared to the muskeg and sand. 
The magnitude of physisorption appeared to be correlated to the surface areas measured 
in Table 4.3. The muskeg and sand isotherms demonstrated nearly linear adsorption of 
nitrogen. Upon closer inspection, the sand isotherm was slightly convex to the pressure 
axis indicating the attractive adsorbate-adsorbent interactions were relatively weak 
(Lowell et al. 2004). 
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Relative Pressure (P/Po) 
Figure 4.1 Adsorption isotherms for sand, clay, and muskeg 
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4.3 Initial experimental conditions 
After the soil spiking procedure was completed, samples of the initial TPH 
concentrations were analyzed to create a baseline reference of TPH removal during 
treatments. Analytical results for TPH compared to the initial concentrations were 
reported as a percent reduction of TPH. The TPH concentrations of the initial soil 
samples are shown in Table 4.4. Sand spiking corresponded to 1% crude oil by volume 
and the clay and muskeg were spiked with 2% crude oil. Evidence of contamination was 
observed in each soil by color, consistency, and hydrocarbon odours. 
The average initial concentration of the three soils ranged from 3,049 mg/kg in 
sand to 19,356 mg/kg in muskeg. The differences were due to the difference in spiking 
concentrations (1% crude oil in sand and 2% crude oil in clay and muskeg) and the 
differences in bulk density. The soils were spiked on a volume basis; however, the 
samples for extraction were collected by mass. For example, a 1 g subsample of muskeg 
had a larger volume than a 1 g subsample of sand. Therefore, comparison of 
concentrations between soil types was completed in terms of the reduction in TPH 
concentration from the initial concentration and is presented as such in tables and figures 
throughout this thesis. Initial sample results for all three soils were all greater than 10 
times the MDL and contained % SD within the acceptable variation limits. 
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Table 4.4 Initial concentration of spiked soil 
Soil 
Type 
Sand 
Clay 
Muskeg 
Initial concentration TPH (mg/kg) 
Measurement numbera 
1 2 3 4 5 
2,853 3,153 4,431 3,299 2,316 
7,608 7,657 9,651 9,746 7,981 
18,201 18,845 20,427 20,076 25,611 
6 
2,240 
8,734 
24,308 
Average 
3,049 
8,563 
21,245 
Standard 
Deviation 
801.7 
967.9 
3,017 
%SD 
26.3 
11.3 
14.2 
Six replicates were completed for initial TPH concentration. 
4.4 Experimental results 
After ultrasonic treatments and filtering, soil samples were analyzed for final TPH 
concentrations. The results of TPH analysis for soil samples are presented in Table 4.5 
("no salt") and Table 4.6 ("salt added"). Three replications were completed for each 
combination of variables and were compared using basic descriptive statistics. The 
reduction of TPH from the initial concentration (see Table 4.4) is reported as percent 
TPH reduction in the tables. 
As shown in Table 4.5, the reduction of TPH was most effective in the sand soil. 
For all samples treated with ultrasound, approximately 80 to 90% reduction of TPH was 
observed in sand. While some TPH reduction was observed in the control sample by 
filtration alone (35%), ultrasonic treatment increased the reduction of TPH in sand by 
approximately 50% within minutes of treatment. TPH reduction of approximately 5 to 
12% was observed in clay and was notably less than sand. According to the data, the 
influence of ultrasonic treatment in clay only increased TPH reduction by approximately 
5 to 7%. Approximately 30 to 40% TPH reduction was observed in muskeg samples. 
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The effects of sonic in muskeg were evident and observed as a change in TPH reduction 
from 11.5% in the control to approximately 40% in samples treated by ultrasound. 
Generally, sonic treatments appeared to increase TPH reduction in all samples when 
compared to the control (no sonic treatment). The duration of sonic treatment did not 
appear to have an effect on TPH reduction. The variability among replications was 
within the 30% SD quality standard. 
Table 4.5 TPH results - no salt added 
Treatment 
Time 
Final TPH concentration 
(mg/kg) 
Repl Rep 2 Rep 3 
Average Standard 
Deviation 
%SD TPH 
Reduction 
(%) 
Sand 
Control 
2 min 
5 min 
10 min 
20 min 
40 min 
1,741 
452 
492 
341 
355 
366 
2,408 
852 
763 
704 
558 
383 
1,788 
431 
306 
143 
303 
406 
1,979 
578 
520 
396 
405 
385 
372.0 
237.6 
230.2 
284.6 
134.9 
19.8 
18.8 
n/aa 
n/aa 
n/aa 
n/aa 
n/aa 
35.1 
81.0 
82.9 
87.0 
86.7 
87.4 
Clay 
Control 
2 min 
5 min 
10 min 
20 min 
40 min 
5,918 
7,784 
7,320 
6,601 
6,840 
6,896 
10,372 
7,583 
7,468 
7,336 
7,669 
7,846 
8,135 
7,525 
8,935 
7,907 
7,041 
8,317 
8,142 
7,631 
7,908 
7,281 
7,183 
7,686 
2,227 
136.1 
892.8 
654.7 
432.3 
724.0 
27.4 
1.8 
11.3 
9.0 
6.0 
9.4 
4.9 
10.9 
7.7 
15.0 
16.1 
10.2 
Muskeg 
Control 
2 min 
5 min 
10 min 
20 min 
40 min 
19,193 
16,138 
13,026 
13,515 
13,797 
15,499 
16,303 
12,506 
12,596 
10,798 
10,431 
9,406 
20,924 
13,017 
11,006 
15,556 
13,938 
16,311 
18,807 
13,887 
12,209 
13,289 
12,722 
13,739 
2,335 
1,966 
1,064 
2,387 
1,985 
3,774 
12.4 
14.2 
8.7 
18.0 
15.6 
27.4 
11.5 
34.6 
42.5 
37.4 
40.1 
35.3 
' Concentration less than 10 times the MDL. 
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As shown in Table 4.6, the addition of salt appeared to limit the reduction of TPH 
from the soil samples. Generally, only approximately 20 to 30% TPH reduction was 
observed in samples when salt was added in solution. A small increase in TPH reduction 
was observed between the control and sonic treated samples in clay and muskeg. No 
differences were observed among the control or any treated samples within the sand 
group. 
The variability among results observed as % SD for clay treatments was high and 
in some cases, close to the acceptable variability (30% SD). Even though the average 
TPH concentration of the three replications showed a decreasing trend from the control to 
samples treated by ultrasound, some of the three replication samples treated by 
ultrasound had measured TPH concentrations greater than the control. In each case the 
difference was less than 30% and may be explained by analytical and sampling 
variability. 
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Table 4.6 TPH results - salt added 
Treatment 
Time 
Final TPH concentration 
(mg/kg) 
Rep 1 Rep 2 Rep 3 
Average Standard 
Deviation 
%SD TPH 
Reduction 
(%) 
Sand 
Control 
2 min 
5 min 
10 min 
20 min 
40 min 
3,037 
2,051 
2,380 
2,493 
2,767 
2,787 
2,076 
2,299 
2,223 
2,473 
2,060 
2,070 
2,310 
2,450 
2,302 
2,216 
2,105 
2,104 
2,475 
2,266 
2,302 
2,394 
2,310 
2,320 
501.2 
201.6 
78.5 
154.6 
395.7 
404.8 
20.3 
8.9 
3.4 
6.5 
17.1 
17.4 
18.8 
25.7 
24.5 
21.5 
24.2 
23.9 
Clay 
Control 
2 min 
5 min 
10 min 
20 min 
40 min 
5,431 
6,460 
4,262 
6,626 
6,320 
3,136 
9,952 
6,132 
7,449 
8,784 
6,873 
6,259 
7,083 
6,673 
8,343 
5,173 
6,471 
7,262 
7,489 
6,422 
6,684 
6,861 
6,554 
5,553 
2,287 
272.1 
2,145 
1,817 
286.0 
2,152 
30.5 
4.2 
32.1 
26.5 
4.4 
38.8 
12.5 
25.0 
21.9 
19.9 
23.5 
35.2 
Muskeg 
Control 
2 min 
5 min 
10 min 
20 min 
40 min 
22,935 
22,085 
14,985 
17,602 
14,309 
15,921 
19,939 
13,277 
13,766 
15,686 
16,781 
13,834 
19,265 
21,963 
15,750 
16,168 
15,172 
23,179 
20,713 
19,108 
14,834 
16,485 
15,421 
17,644 
1,953 
5,050 
1,001 
996.6 
1,255 
4,905 
9.4 
26.4 
6.7 
6.0 
8.1 
27.8 
2.5 
10.1 
30.2 
22.4 
27.4 
16.9 
Graphical presentation of the TPH reduction results for sand, clay, and muskeg are shown 
in Figures 4.2, 4.3, and 4.4. 
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40 min 
Figure 4.2 Average TPH (%) reduction versus sonic treatment time for sand soil 
(n=3). 
100.0 
Control 2 min 5 min 10 min 20 min 
Sonic Treatment Time (min) 
Bfl No Salt 
• Salt Added 
40 min 
Figure 4.3 Average TPH (%) reduction versus sonic treatment time for clay soil 
(n=3). 
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Figure 4.4 Average TPH (%) reduction versus sonic treatment time for clay soil 
(n=3). 
4.5 Analytical results for the salinity experiment 
In order to further examine the influence of salt concentration on TPH reduction, a 
supplemental experiment was designed to test a range of salt concentrations on the 
reduction of TPH in sand. The objective was to examine the trend in TPH reduction 
observed between the "no salt" and "salt added" treatments shown in Figure 4.2. During 
the salt experiment, all samples were treated with 2 minutes of sonic waves. Varying 
amounts of salt (0, 0.1 g, 0.2 g, 0.4 g, and 0.8 g) were dissolved in a total 100 ml of 
solution and added to the soil prior to treatment. The masses of salt corresponded to 
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concentrations of 0, 0.02 mol/L, 0.03 mol/L, 0.07 mol/L, and 0.14 mol/L. The results are 
presented in Table 4.7 below. 
Table 4.7 Analytical results - salinity experiment in sand 
Salt 
Added 
(mol/L) 
0 
0.02 
0.03 
0.07 
0.14 
TPH concentration 
(ppm) 
Rep 1 
365 
1,629 
1,868 
2,194 
2,186 
Rep 2 
485 
2,189 
2,368 
2,521 
1,975 
Rep 3 
312 
1,438 
2,312 
1,972 
2,045 
Average 
387 
1,752 
2,182 
2,229 
2,069 
Standard 
Deviation 
88.7 
390.6 
273.6 
276.5 
107.6 
%SD 
n/aa 
22.9 
12.5 
12.4 
5.2 
TPH 
Reduction 
(%) 
87.3 
42.5 
28.3 
26.8 
32.1 
1
 Concentration less than 10 times the MDL. 
Results indicated that, even in very small amounts, salt had a large negative 
influence on the removal of TPH from sand. A decreasing trend of TPH reduction was 
observed as salt was added to a minimum TPH reduction of 26.8% observed at a 
concentration of 0.07 mol/L added salt. The results from Table 4.7 are presented in 
Figure 4.5 below. 
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Figure 4.5 Average TPH (%) reduction versus molar concentration of sodium 
chloride (n=3). 
4.6 Statistical results 
The % reduction TPH results presented in Tables 4.5 and 4.6 were analyzed using an 
ANOVA to provide a statistical comparison of variable levels. Statistical analysis was 
used to allow confirmation of trends observed within the data. Results of statistical 
analysis using ANOVA including the interactions between variables are presented in 
Table 4.8. TPH reduction was selected as the response variable and soil type, salinity, 
and sonic treatment time were analyzed as the fixed factors. The significance level 
(alpha) for the analysis was set at 0.05 and P value results from the ANOVA analysis less 
than 0.05 (i.e., P < 0.05) were considered statistically significant. 
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According to the statistical results, the variables soil type, salinity, and sonic time 
all have a significant effect on the variation in TPH reduction. The interaction of soil 
type and salinity also significantly explains the variation in TPH data; however, the 
interaction between other variable combinations was not significant. The coefficient of 
determination (R squared) indicates that the differences between the means of the 
treatment classes account for 68% of the total variation for the general linear model. 
Table 4.8 Results of univariate ANOVA 
Treatment 
Soil Type 
Salinity 
Sonic Time 
Soil Type * 
Soil Type * 
Salinity 
Sonic Time 
Salinity * Sonic Time 
Soil Type 
Sonic Time 
* Salinity * 
Degrees of 
Freedom 
2 
1 
5 
2 
10 
5 
10 
Mean Sum of 
Squares 
70.329 
66.428 
12.359 
67.197 
2.598 
1.012 
2.042 
F statistic 
24.152 
22.813 
4.244 
23.077 
.892 
.348 
.701 
P value 
O.001 
O.001 
.002 
<0.001 
.545 
.882 
.720 
a
 Computed using alpha = 0.05 
b
 R Squared = 0.68 
The statistical results for the independent comparison between soil type variables 
are presented in Table 4.9. A closer look at the pair wise comparisons for soil types 
indicates that TPH reduction in sand was significantly different from TPH reduction in 
clay and muskeg. The reduction of TPH in clay compared to muskeg was not statistically 
significant. 
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Table 4.9 Pairwise comparisons for soil type 
Soil Type 
Sand 
Clay 
Muskeg 
Clay 
Muskeg 
Sand 
Muskeg 
Sand 
Clay 
Mean 
Difference 
7.51 
3.41 
-7.51 
-0.80 
-3.41 
0.80 
Standard 
Error 
0.40 
0.40 
0.40 
0.40 
0.40 
0.40 
P value 
O.001 
<0.001 
O.001 
.087 
O.001 
.087 
a
 Computed using alpha = 0.05 
b
 Adjusted for multiple comparisons using the Bonferroni approach. 
The total results for soil type were summarized using a box plot and are presented 
in Figure 4.6 indicating a large variance of TPH reduction in sand ranging from a high 
percentage of TPH removal seen in the "no salt" treatments and a low percentage of 
removal when salt was added. The mean TPH reduction in clay and muskeg were 
noticeably lower than sand. The smaller variation around the mean in clay and muskeg 
suggests that there was less influence by the addition of salt on these two soils. 
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Figure 4.6 Statistical pairwise comparison of soil type classes sand, clay, and 
muskeg. 
The addition of salt had a significant effect on the TPH reduction. The total 
results for salinity are presented in Figure 4.7. There was large variation in TPH 
reduction for the "no salt" treatment range and was likely influenced by the large 
differences observed in sand. The presence of salt appears to have significantly lowered 
the reduction of TPH overall. The small variation around the mean for the salt added 
treatments indicated that the change in TPH reduction was small when salt was present 
for all soil types and sonic treatment classes including the control. 
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Figure 4.7 Statistical pairwise comparison of salinity classes no salt, and salt added. 
The results of pairwise comparisons for the sonic time variable including the 
control (no sonic treatment) and the five durations of applied sonic waves are presented 
in Table 4.10. The effect of ultrasonic treatment on TPH reduction was significant 
shown by comparisons between the control and the sonic treatments for 5 min, 10 min, 
20 min, and 40 min treatments. The mean TPH reduction for the control compared to 2 
min of ultrasonic treatment (0.08) was only slightly above the set significance level of 
0.05 (alpha). There was no significant difference or trend observed between the five 
duration categories of sonic treatment. 
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Table 4.10 Pairwise comparisons for sonic treatment times 
Sonic Time 
Control 
2 min 
5 min 
10 min 
20 min 
40 min 
2 min 
5 min 
10 min 
20 min 
40 min 
Control 
5 min 
10 min 
20 min 
40 min 
Control 
2 min 
10 min 
20 min 
40 min 
Control 
2 min 
5 min 
20 min 
40 min 
Control 
2 min 
5 min 
10 min 
40 min 
Control 
2 min 
5 min 
10 min 
20 min 
Mean 
Difference 
-2.64 
-4.10 
-3.82 
-5.41 
-3.24 
2.64 
-0.16 
-0.11 
-0.49 
-0.03 
4.10 
0.16 
0.01 
-0.09 
0.05 
3.82 
0.11 
-0.01 
-0.14 
0.02 
5.41 
0.49 
0.09 
0.14 
0.28 
3.24 
0.03 
-0.05 
-0.02 
-0.28 
Standard 
Error 
0.57 
0.57 
0.57 
0.57 
0.57 
0.57 
0.57 
0.57 
0.57 
0.57 
0.57 
0.57 
0.57 
0.57 
0.57 
0.57 
0.57 
0.57 
0.57 
0.57 
0.57 
0.57 
0.57 
0.57 
0.57 
0.57 
0.57 
0.57 
0.57 
0.57 
P value 
0.08 
0.01 
0.02 
0.002 
0.03 
0.08 
1.00 
1.00 
1.00 
1.00 
0.01 
1.00 
1.00 
1.00 
1.00 
0.02 
1.00 
1.00 
1.00 
1.00 
0.002 
1.00 
1.00 
1.00 
1.00 
0.03 
1.00 
1.00 
1.00 
1.00 
The plot of ultrasonic treatment time (Figure 4.8) results shows the significant 
difference of the control class from other treatment categories by the lower mean and 
variance. The high maximum values observed for the 2 min, 5 min, 10 min, 20 min, and 
40 min classes are represented by the high TPH reduction achieved in sand samples 
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without salt. The maximum, minimum, and mean values for these sonic classes were 
reasonably similar and show no distinct trend for sonic treatment time duration on TPH 
reduction. 
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Figure 4.8 Statistical pairwise comparison of sonic treatment time classes. 
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Chapter 5 Discussion 
Over the course of the experiments, trends were observed for the reduction and removal 
of crude oil contamination and interpreted by the differences in analyzed TPH 
concentrations. The primary mechanism for TPH reduction during the experiment was 
assumed to have been treatment effects; however, small TPH losses may have occurred 
due to volatilization. Reduction of TPH due to treatments likely occurred by a 
combination of ultrasonic cavitation effects and soil flushing via filtration. The 
mechanisms for the reduction/removal of crude oil by ultrasonic cavitation are discussed 
in section 5.3. The interpretation of TPH results is based on experimental observations 
and processes outlined in literature relevant to the project with respect to project variables 
of soil type, salinity, and sonic treatment duration. The discussion of results in terms of 
project variables is presented in the following sections. 
5.1 Soil discussion 
It is commonly known that the interaction between soil and organic pollutants is highly 
dependent on soil characteristics such as grain size, surface area, soil moisture, and total 
carbon. Soil types used in the experiment represented a range of grain sizes and total 
carbon content. The results of the thesis experiment demonstrated some important trends 
regarding soil properties and soil types. 
The application of ultrasonic treatments methods had a clear effect on the TPH 
reduction in sand (Table 4.5 and Figure 4.2) implying that experimental conditions in this 
Page 68 
case were well suited to the treatment. The coarse grain size and low surface area of the 
sand treatment allowed easier filtration of contaminants with the slurry water. The 
observed results for crude oil reduction from sand are well supported by literature using 
similar materials and methods. 
A reduction of three persistent organic pollutants (PCBs, PAHs, and 
organochlorides) in sand by 70 to 85% was achieved by Collings et al. (2006). Feng and 
Aldrich (2000) achieved a total diesel reduction of 87% in sand within 5 minutes using a 
sand comparable in particle size (0.1 - 0.9 mm versus 0.45 mm thesis sand) and in surface 
area (0.09-0.15 m2/g versus 0.4 m2/g thesis sand). In either case, it has been shown that 
a high proportion of contaminants can be reduced from sand within minutes of ultrasonic 
treatment. 
Treatment results for TPH reduction were significantly less in clay than in sand 
(see Table 4.5). In part, the differences may be attributed to the differences in soil 
properties between clay and sand. It was suspected that the larger surface area and the 
low hydraulic conductivity of clay contributed greatly to the low TPH reduction. The 
larger relative surface area provided by clay particles allows for a greater total volume of 
crude oil adsorption. The large surface area also allows crude oil to adsorb in monolayers 
across particle surfaces and thus increasing the overall sorption energy. The fine grain 
size of clay gives it a much lower hydraulic conductivity (106 cm/s) compared to sand 
(102 cm/s). The slow water movement may have inhibited the removal of crude oil by 
filtration allowing the potential for readsorption. In sonochemistry research ultrasonic 
treatments have been applied to contaminated clays with mixed results. Collings et al. 
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(2006) applied treatment with a large laboratory scale (1.5 kW) ultrasonic unit to 
contaminated clay soil. Treatment removed the majority of contaminants within minutes 
of treatment (Collings et al. 2006). Chung and Kamon (2005) used a fine clayey soil with 
a surface area 5.25 m2/g (compared to 24.9 m2/g clay in this thesis work) and observed an 
81% reduction of phenanthrene using a combined electrokinetic ultrasonic treatment. 
Aspects of these research projects including the treatment scale and the grain size of the 
clay may explain the differences in results. Other researchers have observed properties of 
fine soils that inhibit contaminant removal. Kim and Wang (2003) observed a decrease 
in mobility of organic pollutants in fine soils using an ultrasonic soil flushing method. 
Residual concentrations of pollutants tend to increase with increasing clay content and 
organic carbon (Fine et al. 1997). 
Experimental results for TPH reduction in clay did not reflect results achieved by 
other researchers using ultrasonic treatments (Chung and Kamon 2005, Collings et al. 
2006). Experimental factors such as solution equilibrium time, filtration rate, and slurry 
mixture can influence results (Kim and Wang 2003). Additionally, the scale of the 
ultrasonic reactor, ultrasonic power, and the ultrasonic intensity applied to the medium is 
suspected by some researchers to be related to the amount of pollutant removal 
(Breitbach and Bathen 2001). Due to time constraints, variables related to the scale and 
power of the ultrasonic system were not tested during this experiment. The systematic 
experimental factors associated with the slurry mixture and filtration, however, may 
partially explain the differences observed in results. 
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TPH reduction in muskeg was greater than observed in clay and less than in sand. 
The muskeg had many physical properties unique to both the clay and sand. The muskeg 
was lighter, less dense, and contained high organic carbon content. The particle surface 
area described in Tables 4.3 was relatively low for muskeg (2.67 m2/g) and was 
proportionally closer to sand (0.378 m2/g) than to clay (24.9 m2/g). The surface area of 
muskeg suggested that the material was comprised of coarsely grained particles of 
unhumified organic matter. 
Limited research is available for the reduction of pollutants from muskeg or peat 
soils using ultrasound; however, organic pollutant sorption to soil organic matter is 
believed to be a very important sorption mechanism. Based on the research by 
Karickhoff (1981), Chiou (1989), and Salloum et al. (2001), it was suspected that the 
sorption of crude oil during experiments would be affected by the total organic carbon 
content of the soil. Evidence of increased sorption to soil organic matter was suspected 
to manifest in the experiment as low TPH reduction results. The results of TPH reduction 
in muskeg in this case do not confirm this suspicion. The muskeg soil used in the thesis 
experiment contained 48.1% organic carbon, however greater TPH reduction was 
achieved in muskeg than clay which contained only 1.29% organic carbon. The organic 
carbon content of the thesis muskeg was consistent with the total organic carbon of the 
peat soil used by Salloum et al. (2001) (48.3%) and similar to the peat used by Fine et al. 
(1997) (27.8%). Salloum (1999) described the sorption of organic pollutants as being 
dependent on the characteristics of the carbon material. Humified organic material that 
has undergone several stages of decomposition contains a larger number of colloidal 
Page 71 
organic particles to which high levels of sorption are attributed. The clay soil likely 
contains a high proportion of humified organic matter. The muskeg soil likely contained 
a higher proportion of unhumified coarse organic material demonstrated by the low 
particle surface area. The results imply that desorption and reduction of TPH from the 
muskeg soil was influenced more by its relatively low surface area and grain size than by 
its high total carbon content. 
The difference observed in TPH reduction among soil types can best be explained 
by the sorption mechanisms and the fate of crude oil in the treatment system. The 
sorption of organic molecules to soil particles can be driven by physical adsorption or 
partitioning to soil organic carbon depending on the soil moisture conditions (Mingelgrin 
and Gerstl 1983, Schwarzenbach 2003). The hydrophobic interaction between organic 
pollutants and water is required for partitioning of organic pollutants to soil organic 
matter. As such, sorption in soil can be determined by three things: the moisture content 
of the soil, the surface area of the particle, and the total carbon content of the soil. 
In natural soil systems, spills of organic pollutants are intercepted by the surface 
soil. Once pollutants have infiltrated into the soil, they interact with the soil minerals, 
organic matter, and soil moisture. In this system, soil organic matter plays a large role in 
the balance of distribution equilibrium by the partitioning of organic pollutants to similar 
organic soil carbon. The key difference of predicted interactions between soil and 
organic pollutants in natural soil systems and laboratory conditions was the soil moisture 
conditions. The fact that the laboratory soil was spiked under dry conditions may explain 
the majority of crude oil adsorption and desorption throughout the experiment. By 
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adding water to the dry spiked soil immediately before treatment, the distribution of 
crude oil to the organic phase and aqueous phase was not allowed to reach equilibrium. 
The hydrophobic spiked soil further resisted mixing with water during treatment. Since 
the crude oil was already physically adsorbed to the soil and conditions weren't allowed 
to reach equilibrium, it is suspected that partitioning did not contribute significantly to the 
sorption of crude oil. 
The muskeg and clay had larger surface areas than sand allowing crude oil to 
penetrate into micropores and sorb to the larger number of available adsorption sites. In 
the absence of water, adsorption to all three soils appeared to follow the trend of 
increasing surface area presented in Table 4.3. This trend is mirrored by the adsorption 
isotherms presented in Figure 4.1 with the clay isotherm adsorbing the most sorbate 
followed by muskeg and sand. The importance of particle surface area for explaining 
experimental results between soils is reasonable based on the dry spiking procedure used 
on soils. 
In summary, physical soil properties such as surface area and grain size appeared 
to explain the most of the results for TPH reduction differences among soil. Even though 
entropic sorption mechanisms such as partitioning to organic matter is an important 
mechanism in nature, it did not appear to explain TPH results in soils with high organic 
matter. 
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5.2 Salinity discussion 
According to the statistical results, the influence of salt on TPH reduction was significant 
for all soils. The reduction of TPH in sand, demonstrated in the results presented in 
Table 4.6 and Figure 4.2, was clearly impacted negatively by the addition of salt. In 
ultrasonic treated sand, TPH reduction was approximately 30% when salt was added and 
approximately 90% in no-salt treatments representing a changing in TPH reduction of 
approximately 60%. Under saline conditions in sand, ultrasonic treatment appeared to 
have no effect on TPH reduction compared to the control. The effects of salinity on the 
clay and muskeg treatments were less pronounced. Only a small negative effect was 
observed in muskeg treatments with salt and a small positive effect was observed in clay. 
To understand and support these results, a review of sonochemistry literature was 
completed; however, limited research was found exploring the effect of salinity on 
ultrasonic remediation techniques for organic pollutants. One relevant research project 
by Feng and Aldrich (2000) examined different concentrations of potassium chloride 
(KC1) salt on the ultrasonic removal of diesel from fine sand. They described the 
influence of increasing KC1 concentrations from 0 to 0.4 M as increasing diesel removal 
from 87% to 88.5% (Feng and Aldrich 2000). When KC1 concentration was raised above 
0.4 M, diesel reduction dropped consistently (Feng and Aldrich 2000). The change in 
diesel reduction discussed by Feng and Aldrich (2000) was only 1.5% and was small 
compared to the 60% change in TPH reduction observed in the thesis experiment. Feng 
and Aldrich (2000) interpret their results as influences of KC1 concentration on the 
electrostatic bonding forces between the diesel and the sand particles and could 
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reasonably account for a small 1.5% change in diesel reduction; however, the large 60% 
change in TPH reduction observed in sand results due to salt is too large to be explained 
by a potential change in electrostatic bonding and must be explained by other factors 
influencing distribution potential of the crude oil. 
The results for sand with salt added were experimentally confirmed by a 
supplemental investigation with sand (presented in Table 4.7 and Figure 4.5). The 
additional results demonstrated that even a small addition of salt (0.1 g or 0.02 M) 
dissolved in 70 ml of water, decreased TPH reduction by 42%. The results for clay and 
muskeg sample analysis influenced by salt are presented in Table 4.6 and in Figures 4.3 
and 4.4. The addition of salt in the clay and muskeg treatments did not have the same 
obvious effect as observed in sand. Salt added treatments in clay may have been 
influenced by the initial soil properties of the clay, specifically the EC value (Table 4.1). 
Even though ESP and SAR values (Table 4.2) were within the normal range for the clay 
soil, the high EC measured in the clay soil may indicate pre-existing salt impacts limiting 
the effect of salt added treatments for clay. 
Several research studies have been completed on the properties of contaminated 
soil and solid wastes (flare pit waste) pertaining to oil and gas drilling (Amatya et al. 
2002, Arocena and Rutherford 2005). Specifically, the biodegradation of this 
hydrocarbon contaminated soil and waste has been studied with respect to salt and soil 
characteristics (Amatya et al. 2002). Amatya et al. (2002) observed a reduction in 
biodegradation based on the low solubility and bioavailability of hydrocarbons caused by 
the presence of salt. Under these conditions, clay soils exhibited even less 
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biodegradation and can be attested to the decreased bioavailability caused by adsorption 
to clay minerals (Amatya et al. 2002). Cook et al. (2002) confirmed these findings by 
concluding the low toxicity of contaminated flare pit soil on soil bacteria was due to the 
low bioavailability of these hydrocarbons under these conditions. 
To understand the influence of salt observed in analytical results, a closer look at 
the slurry chemistry and equilibrium distribution of hydrocarbons is required. According 
to Schwarzenbach et al. (2003), the presence of dissolved ionic species generally leads to 
a decrease in aqueous solubility of organic pollutants. The empirical formula for the 
change in solubility of an organic compound due to the concentration of salts in solution 
is given by equation [2-4] presented in Chapter 2. In this case, sodium chloride in 
aqueous solution has a salting constant of approximately 0.19 to 0.22 L/mol. The salting 
constant represents the difference in solubility influenced by a particular salt inferring 
that sodium chloride effectively induces a change in solubility for crude oil by a factor of 
0.19 to 0.22. 
This trend is most commonly recognized in studies of oil spills in seawater. Shiu 
et al. (1990) researched the solubilities of 42 different oils in distilled water and in 
seawater. Results in seawater (3% NaCl) were approximately 20% less soluble than in 
the distilled water (Shiu et al. 1990). The solubility of the oil is dependent on the 
composition of the oil, temperature, water salinity, and the ratio of the volumes of water 
to oil that are brought into contact (Shiu et al. 1990). Larger organic molecules with 
higher molecular weight are more hydrophobic and have lower solubility 
(Schwarzenbach et al. 2003). 
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The reduced solubility of crude oil by added salt may help explain the results 
observed in the thesis research. The reduction of TPH in the experiment is completed in 
part by desorption of crude oil into the aqueous phase and the separation of the solution 
by filtration. Sonochemistry literature suggests that ultrasonic treatment is capable of 
increasing the solubility and mass transport of organic compounds. In the presence of 
salt, the positive effects of ultrasound are countered by the negative effect of dissolved 
ions in the solute. The lower TPH reduction, particularly in sand, is evidence that less 
crude oil is removed into aqueous solution. 
Experimental observations of the treatment filtrations may also provide evidence 
of the reduced solubility of the crude oil. Filtration of treated samples was completed 
several times faster in samples with salt dissolved in solution than samples without salt 
added. The addition of salt may cause the hydrocarbon covered soil to be even more 
hydrophobic and thus allowing the water to be filtered more quickly. With fewer 
hydrocarbon molecules in solution, less hydrocarbon molecules are intercepted by the 
filter and the water is allowed to filter more freely. 
In summary, small amounts of salt may potentially reduce the solubility and 
mobility of hydrocarbons adsorbed to soil. This has large implications to environmental 
managers faced with the challenge of soil remediation at remote sites. Low solubility and 
low bioavailability of hydrocarbon contamination under these conditions limits the 
efficiency of many remediation techniques commonly used such as ex-situ 
bioremediation. Salt contamination may also impair microbial activity due to osmotic 
effects on bacterial cells. Difficulties achieving remediation success may be compounded 
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by soil structure issues at sites with significant salt issues. Based on the results of this 
thesis, salt impacts should be seriously considered when applying remediation 
techniques. To achieve the best results using most remediation techniques including 
bioremediation and ultrasonic soil washing, it may be necessary to first address salinity 
problems before substantial hydrocarbon reduction can occur. 
5.3 Ultrasonic discussion 
Generally, the experimental results indicated that application of ultrasonic treatment 
compared to soil flushing alone provided a significant improvement in TPH reduction. In 
contrast, the duration of ultrasonic treatment did not appear to influence TPH reduction. 
Statistical analysis results presented in Table 4.10 and Figure 4.8 demonstrate that there 
was no statistical difference between the different ultrasonic treatment duration classes. 
This conclusion implies that samples treated with ultrasound longer do not achieve higher 
TPH reduction than samples treated for a shorter time. During treatment, oil is desorbed 
into the slurry water and generates a solution/emulsion mixture of oil and water. As 
treatment continues, more oil is added to the water emulsion until it reaches its maximum 
capacity. Equilibrium between oil re-adsorption and oil entering the solution/emulsion is 
quickly reached (Feng and Aldrich 2000). The trend of oil reduction is observed as high 
initial reduction of oil up to equilibrium followed by a steep decline in further oil 
reduction (Feng and Aldrich 2000). Feng and Aldrich (2000) observed peak diesel 
removal from sand after 5 minutes of ultrasonic treatment. In the thesis experiment, it 
appears that peak crude oil removal from sand is reached after 2 minutes of treatment. 
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The effect of ultrasonic treatment can be demonstrated by two fundamental 
mechanisms for pollutant removal from soil and includes: 1) the degradation and 
destruction of stable organic compounds and 2) desorption by particle cleaning effects 
and transportation with the aqueous phase induced by heterogenous cavitation. 
5.3.1 Ultrasonic degradation 
According to literature, ultrasonic cavitation potentially improves the destruction and 
degradation of stable, persistent organic compounds and it was suspected that some level 
of molecular degradation would occur to compounds contained in crude oil during the 
experiment. High levels of pollutant degradation have been observed in some cases. For 
example, Lim and Okada (2005) observed 99.5% degradation of desorbed 
trichloroethylene from solution using ultrasound. Intermediate byproducts generated by 
pollutant destruction were ultimately degraded to CI", H2O, and CO2 (Lim and Okada 
2005). Likewise, Little et al. (2002) observed 88% degradation of phenanthrene from 
aqueous solution using ultrasound. In this case, lower order PAHs and benzene 
derivatives were measured byproducts of degradation (Little et al. 2002). By these 
claims, the power delivered by ultrasonic waves and cavitation is capable of degrading 
many polluting chemicals from the aqueous phase. 
The result of sonic degradation of crude oil components may be witnessed as the 
degradation of large chain organic compounds into smaller, more volatile compounds. 
Extractable TPH was determined in the experiment as the area under the chromatograph 
profile generated by the GC-FID between C10 and C50. Compounds in the C50 range 
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are larger, heavier molecules that are less volatile than compounds in the CIO range. 
After ultrasonic treatment, a shift in the number of compounds throughout the range of 
TPH would be observed as a shift in the shape of the GC profile. Based on literature, it 
was suspected that as long chain organic molecules are degraded by treatment, an 
increase in short chain molecular byproducts would appear as a shift in the 
chromatograph curve towards the left, more volatile portion of the curve. It is recognized 
that the fraction of crude oil represented by the lighter more volatile compounds, 
including the degradation byproducts, would be more mobile, more soluble, and 
therefore, may be removed more easily that the heavier compounds within crude oil. The 
following figure (Figure 5.1) shows the shape of the GC profile for a contaminated sand 
sample with no ultrasonic treatment and a sand sample treated with 40 minutes of 
ultrasound. 
15 To Ti l2t> 5i io 
Minutes 
Figure 5.1 GC chromatograph for contaminated sand control with no sonic 
treatment (blue) and sand treated with 40 minutes of ultrasound (red) 
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By the shape of the curve we can see the distribution of carbon compounds across 
the range of the profile with a small rounded peak near the center. The large peak at the 
left of the profile represents the extraction solvent (approximately C6) and is not included 
in the calculation of TPH concentration. Comparing the differences in the shapes of the 
profile provides evidence of the influence of ultrasound on the composition of crude oil 
in the sample. The general shape of the two profiles displayed in Figure 5.1 is very 
similar. After 40 minutes of sonic treatment a clear reduction of TPH across the entire 
range of the profile is observed. In this case, there is no clear shift in the composition of 
crude oil presented by the GC chromatograph. It appeared as though ultrasonic treatment 
was not selectively more effective at reducing certain components of crude. In this case, 
it may be evidence that desorption explains more TPH reduction than ultrasonic 
degradation. 
5.3.2 Ultrasonic desorption 
Results indicated that desorption is potentially an important mechanism for the reduction 
of TPH from soil, particularly coarser materials such as sand where physical adsorption is 
the principal bonding force for pollutants. The energy provided by the ultrasonic 
cavitation must be sufficiently strong enough to overcome the energy of adsorption and 
allow crude oil to be desorbed into solution. Since sand had a lower surface area, less 
energy was required to remove significant quantities of crude oil. According to 
researchers Collings et al. (2006), ultrasonic treatment can be applied successfully to 
coarse and fine soils when sufficient energy is supplied. The larger surface area of 
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muskeg and particularly clay would require greater ultrasonic energy to remove the crude 
oil. Once the pollutant is desorbed the problem shifts to the transportation and removal 
with water. The low hydraulic conductivity of fine soils may impede the transfer and 
removal of desorbed crude oil in the aqueous phase. Consequently, it may be reasonable 
to conclude that the pollutant reduction success observed in the experiment may be 
improved by increasing the sonic energy or by improving the transportation of aqueous 
solution from the treated soil. 
Visual evidence of desorption was observed as an accumulation of desorbed TPH 
in the filter paper. For example, in the sand treatment the accumulation of desorbed 
crude oil on the filter paper appeared as a thin layer of dark staining. Filter papers were 
extracted and analyzed for concentrations of TPH using similar methods for soil. 
Analytical results for filter papers in sand treatments are presented in Table 5.1 below. 
Table 5.1 Analytical results for sand filter papers - no salt 
Treatment 
Time 
Control 
2 min 
5 min 
10 min 
20 min 
40 min 
Filter paper TPH concentration 
(ppm/g 
Repl 
36 
890 
973 
1,060 
1,027 
1,129 
of soil sample) 
Rep 2 
48 
1,068 
1,060 
1,193 
903 
1,237 
Rep 3 
231 
829 
998 
1,099 
1,006 
1,001 
Average 
105 
929 
1,011 
1,117 
979 
1,122 
Standard 
Deviation 
109.1 
124.3 
44.3 
68.8 
66.4 
117.8 
%SD 
n/aa 
n/aa 
n/aa 
6.2 
n/aa 
10.5 
' Concentration less than 10 times the MDL. 
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Results show that filter papers from sand samples treated with ultrasound 
intercepted a higher amount of desorbed crude oil. In contrast, analytical results for filter 
papers extracted from clay and muskeg treatments did not provide the same evidence for 
desorption. The filter papers analyzed from clay treatments all contained concentrations 
of TPH less than 10 ppm per gram of soil sample. The filter papers analyzed from 
muskeg treatments varied in TPH concentration from less than 10 ppm to as high as 500 
ppm per gram of sample. No recognizable trend was observed for filter paper results 
from clay or muskeg treatments. 
Filtration of water from clay and muskeg was very slow. If substantial quantities 
of crude oil were desorbed from the soil, it appears that slow filtration prevented it from 
being removed with filtered water. During filtration, desorbed crude oil would have 
sufficient time to re-adsorb to the soil before removal. Other methods of water separation 
such as centrifugation may have achieved better results for these fine soils. 
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Chapter 6 Conclusion 
6.1 Research summary 
The first objective of the research was to develop an understanding of the chemical and 
physical interactions between hydrocarbon contamination, dissolved salts, and the soil 
surface by examining the effect of salinity and soil type on desorption and removal of 
crude oil using ultrasonic treatments. Experimental results for the variables of soil type 
and salinity provided information to conclude the following: 
• TPH reduction was significantly different between the three soil types and TPH 
reduction was the highest in sand; 
• Results suggested that the dominant mechanism of crude oil sorption to the three 
soils was physical adsorption and partitioning of crude oil to soil organic matter 
did not result in stronger adsorption to soils high in total carbon (i.e., muskeg); 
• Physical soil properties such as surface area and grain size appeared to explain the 
greatest differences in TPH reduction between soil types; and 
• The presence of salt in solution even in small quantities significantly lowered 
TPH reduction from soil and potentially reduced the solubility and mobility of 
crude oil adsorbed to the soil surface. 
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The second objective was to determine the effectiveness of ultrasonic treatment 
for the reduction of hydrocarbon concentrations from soil under a variety of conditions. 
The effectiveness of ultrasonic was represented in the analytical results by the change in 
TPH reduction between untreated soil samples and ultrasonic treated samples. 
Experimental results for the variable ultrasonic treatment time provided information to 
conclude the following: 
• Generally, the application of ultrasonic treatment statistically increased the 
reduction of TPH when compared against the control; 
• The duration of ultrasonic treatment (i.e., for durations tested in this experiment) 
did not have a significant effect on TPH reduction and therefore, peak crude oil 
removal under these conditions was reached within 2 minutes of treatment; 
• The ultrasonic treatment of sand clearly displayed the highest TPH reduction 
efficiency implying that ultrasonic treatment under these conditions was most 
effective on granular soil free from salt impacts; 
• Differential degradation of crude oil components by ultrasonic treatments was not 
observed; and 
• Observations and results suggest that ultrasonic desorption and subsequent 
filtration was the dominant mechanism for TPH reduction in the experiment. 
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6.2 Ultrasonic remediation feasibility 
Under laboratory conditions, ultrasound was reasonably effective for pollutant reduction, 
particularly with coarse granular soils. The main question is can ultrasonic treatment 
methods be applied successfully on a commercial scale to a broader range of 
contaminated soils? The question of scaling up ultrasonic treatment to a commercial 
scale raises a number of additional questions. To determine the feasibility of ultrasonic 
remedial application for contaminated oilfield soil requires a detailed analysis of the 
advantages and disadvantages of this method to answer some of these questions. 
Is it possible for reactor volume to be scaled up proportionally with ultrasonic 
power and can successful results can be achieved at large scales? Research by Collings 
et al. (2006) demonstrated that ultrasonic treatment can be successful at small and large 
scales. As an ultrasonic reactor is scaled up to accommodate more soil volume a greater 
amount of electrical power is required to deliver the necessary ultrasonic forces. For 
example, if 150 W is required to treat 200 g of contaminated soil, 125 kW h of power 
would be needed to achieve the same result for 1 tonne of soil (Mason et al. 2004). 
According to Mason, this represents a small power requirement and cost compared to 
other technologies (Mason et al. 2004). For example, the commercial cost for electricity 
in Canada is approximately 7 cents or less per kW h (BC Hydro). At a cost of 7 cents per 
tonne of soil, electrical power would not be the cost limiting factor in the design of an 
ultrasonic treatment facility. 
Page 86 
Secondly, what can ultrasonic treatments provide that other current remedial 
technologies cannot? Typically, a new remedial technology such as ultrasonic treatment 
would be considered if it was expected to be both more successful and less expensive 
than other available remedial technologies. For highly persistent pollutants such as 
PCBs, ultrasonic treatment can potentially achieve higher pollutant reduction and lower 
treatment cost than other forms of treatment such as bioremediation or incineration 
(Mason et al. 2004, Collings et al. 2006). In addition to having higher successful 
pollutant degradation, the treatment speed can be much faster compared to 
bioremediation, which can take years to complete. Engineering of ultrasonic reactors has 
some level of flexibility and ultrasonic reactors can be specially designed to meet the 
specifications for optimization. Ultrasonic transducers and their configuration can be 
manipulated to achieve the best conditions for treatment. To increase pollutant reduction 
results, multiple solute flushing and slurry amendments could be completed easily. 
In contrast, there are several important operational issues and limitations of the 
ultrasonic treatment approach. Ultrasonic cavitation can only be produced in liquids or 
heterogeneous liquid/solid mixtures. The requirement of added water for slurry mixing is 
potentially a large disadvantage. The large water requirement and further waste water 
disposal becomes a potential problem of the treatment and would increase operating costs 
significantly. The separation of water from the soil can be a difficult process and 
increasingly difficult with fine grained soils. To improve filtration of water and 
minimizing the volume of generated waste, the system would have to be engineered 
carefully. 
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Ultrasonic treatment has been shown to be effective in laboratory conditions 
under very controlled conditions. Natural soil systems are a mixture of mineral and 
organic components containing numerous complex chemical and physical processes. The 
simplified experimental model would be unable to predict the response of the similar 
treatments under field conditions. Ultrasonic soil treatment has high potential for specific 
applications; however, further development is required before the method can become 
commercially applicable on a variety of contaminated sites. Serious issues regarding 
waste generation, filtration, and versatility warrent further investigation. Currently, 
existing remediation techniques such as bioremediation, may be better suited to 
environmental issues at these sites despite complications observed in those techniques. 
Further research and optimization of current methods may be more feasible than 
developing ultrasonic methods for oilfield production sites. 
6.3 Recommendations for future research 
The limitations of crude oil solubility observed was one issue encountered during the 
experiment warranting further research of oil adsorption and desorption. The use of 
surfactants to improve organic pollutant solubility is an area of research gaining 
popularity. Surfactants are available in many varieties (eg. biological, chemical, ionic, 
non-ionic, etc.) and have been used to study the change in adsorption/desorption 
properties (Salloum et al. 2001). The use of surfactants could potentially improve 
desorption of crude oil by increasing its solubility with the slurry water. Furthermore, the 
slurry water containing higher concentrations of dissolved crude oil will be able to 
mobilize and transport more oil from the soil during filtration. The surfactants coating 
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the crude oil molecules may prevent the oil from re-adsorbing to soil surfaces. The use 
of surfactants may improve results for finer grained soils such as the clay and muskeg 
and provide more information on the adsorption/desorption properties. 
Other improvements to laboratory methods or experimental design could be 
completed such as improved filtration/separation methods for water removal, multiple 
flushing events for increased contaminant transportation, and ultrasonic configuration. 
Improvements to the filtration and separation of water would increase the feasibility of 
treating fine grained soils. Improving pollutant leaching from treated fine grained soils 
affected by salt could be achieved by using gypsum amendments and multiple water 
flushing events. Collings et al. (2006) suggests that higher ultrasonic power may increase 
the treatment success of contaminated clays. If a high level of pollutant reduction in fine 
grained soils can be achieved by treatment modifications then the method can become 
more versatile and applicable to a broad range of conditions allowing it to be more 
competitive with other remediation technologies. 
The response of ultrasonic treatment to the addition of salt was one of the most 
interesting aspects of the thesis research. The impacts of salt on remediation techniques 
are not widely researched and can be a very important factor for optimizing remediation 
results. Salt is an inexpensive and abundant material and easily incorporated in research 
experiments and thus it is surprising that the variable is not more widely researched. Salt 
affected soils are an important issue to the oil and gas industry and affect a large number 
of oilfield sites. Even current landfarming methods of contaminated soil used at oilfield 
sites could be improved greatly by researching the chemical and physical effects 
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influenced by salt. Further research is warranted to understand the interactions between 
organic pollutants, salts, soil, and water. Experimental methods examining 
bioremediation of various salt and hydrocarbon polluted soils would make an interesting 
and valuable research project. 
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